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ABSTRACT
Recent theory predicts that a first star is born with a massive initial mass of & 100 M. Pair instability supernova
(PISN) is a common fate for such a massive star. Our final goal is to prove the existence of PISN and thus the high
mass nature of the initial mass function in the early universe by conducting abundance profiling, in which properties
of a hypothetical first star is constrained by metal-poor star abundances. In order to determine reliable and useful
abundances, we investigate the PISN nucleosynthesis taking both rotating and non-rotating progenitors for the first
time. We show that the initial and CO core mass ranges for PISNe depend on the envelope structures: non-magnetic
rotating models developing inflated envelopes have a lower-shifted CO mass range of ∼ 70–125 M, while non-rotating
and magnetic rotating models with deflated envelopes have a range of ∼ 80–135 M. However, we find no significant
difference in explosive yields from rotating and non-rotating progenitors, except for large nitrogen production in non-
magnetic rotating models. Furthermore, we conduct the first systematic comparison between theoretical yields and
a large sample of metal-poor star abundances. We find that the predicted low [Na/Mg] ∼ −1.5 and high [Ca/Mg]
∼ 0.5–1.3 abundance ratios are the most important to discriminate PISN signatures from normal metal-poor star
abundances, and confirm that no currently observed metal-poor star matches with the PISN abundance. Extensive
discussion on the non-detection is finally made.
Keywords: nuclear reactions, nucleosynthesis, abundances — stars: abundances — stars: Population
III — stars: rotation — supernovae: general
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1. INTRODUCTION
In the early universe, matters are only composed of light elements that are synthesized in the Big Bang nucleosyn-
thesis. First stars, also known as Population III (Pop. III) stars, are born from the primordial gas clouds. They
synthesize heavier elements than 7Li for the first time, introducing chemical diversity to the universe. Not only the
first nucleosynthesis, but also their photon emission during the lifetime and energy and matter ejection at the final
explosion affect ambient environments. As a consequence, formation and evolution of first stars dramatically change
the phase of matter evolution, which finally leads to the formation of a complex structure observed in the present
universe. Hence, to understand the nature of first stars is one of the most important mission for the modern astronomy
and astrophysics.
As they exist in the most far-away universe, it is extremely challenging to directly observe first stars by present-day
telescopes. Then in order to get some information about the nature, indirect but reasonable and powerful method
called abundance profiling has been done (see Nomoto et al. 2013; Tominaga et al. 2014, and references therein). The
key idea is that metal-poor (MP) stars detected in the nearby universe would be born from chemically primitive, but
already slightly metal-polluted, gas clouds in the early universe. If the amount of metals in a MP star is small enough,
one can assume that the metal pollution is a consequence of supernova explosion of a massive first star. On this line of
reasoning, nucleosynthesis outcome of first supernovae can be restored by observing surface abundances of MP stars.
This enables to conduct an observational test for a theoretical prediction of first star nucleosynthesis.
This is a second paper of a series, in which we aim to find nucleosynthetic signatures that are useful to constrain
properties of massive first stars. In our previous paper, evolution of massive first stars of 12–140 M, which are
considered to lead to iron core collapse at the end, are investigated (Takahashi et al. 2014). By focusing the peculiar
nucleosynthesis taking place in a helium layer, the possibility to derive masses and rotational properties of massive
first stars by observing the abundances of intermediate-mass elements from a surface of carbon-enhanced MP (CEMP)
stars has been shown. As a demonstration, existence of a massive first star of ∼ 50–80 M has been indicated from
the characteristic abundance pattern of the most iron-deficient star known so far, SMSS 0313-6708 (Keller et al. 2014).
As a next step, we move our scope to the heavier side in the initial mass in this paper.
Barkat et al. (1967) and Rakavy et al. (1967) firstly pointed out that a star having a massive enough CO core
of > 65 M finally explodes after the hydrodynamical collapse induced by electron-positron pair production. The
pair instability supernova (PISN, sometimes also referred to as pair creation supernova) becomes a highly energetic
thermonuclear explosion, which injects at least ten times more explosion energy than the canonical core collapse
supernovae to surroundings (Heger & Woosley 2002; Umeda & Nomoto 2002; Takahashi et al. 2016). The explosion
has also been confirmed by multidimensional simulations (Chatzopoulos et al. 2013a; Chen et al. 2014). Under current
theoretical understanding, a star having a massive CO core of ∼ 65–130 M inevitably explodes as a PISN, although
an observational confirmation of the existence has not been done except for the only candidate of the luminous and
energetic PISN explosion at low-redshift of z = 0.1279 (SN 2007bi, Gal-Yam et al. 2009). As well as the high explosion
energy, the large 56Ni yield makes the explosion luminous. Therefore PISN is one of the most promising candidates as
an observable object at high redshift (Scannapieco et al. 2005; Kasen et al. 2011; Kozyreva et al. 2014a,b; Chatzopoulos
et al. 2015; Whalen et al. 2013; Smidt et al. 2015).
Formation of a massive star that can form the required high mass CO core is considered to be difficult for metal-rich
environments due to the efficient wind mass loss (Yoshida & Umeda 2011; Yusof et al. 2013; Yoshida et al. 2014, also
see Langer et al. 2007 for the highest possible metallicity for PISNe). On the other hand, expectation to have a PISN
is considered to be much higher for metal-free environment in the early universe. Recent cosmological simulation
indicates that ∼ 25% of first stars in number would explode as PISNe (Hirano et al. 2015). The first reason of this
high percentage is that a typical initial mass of first stars can be as large as ∼ 100 M due to the absent of line cooling
during its formation (e.g. Bromm & Larson 2004). The second is the estimated rate of the line-driven wind mass loss
is too small to reduce the total mass during the evolution (e.g. Krticˇka & Kuba´t 2009). As well as the high number
fraction, the ejected metal mass by one explosion of the order of ∼ 10 M is much larger than that of a canonical
core-collapse supernova of the order of ∼ 1 M. Therefore it can be reasonable to consider that the chemical pattern
of the predominant PISN ejecta in the early universe is conserved on a surface of numbers of MP stars.
So far, no candidate MP stars have been discovered for PISN children except for the work by Aoki et al. (2014)
(Nomoto et al. 2013; Frebel & Norris 2015). The reason of the non-detection may be explained as a result of the
observational bias. Because of the large metal yield, PISN children may be born having a relatively large [Ca/H] ∼
−2.5 (e.g., Greif et al. 2010). Then this can be missed from metal-poor star surveys which utilize CaII K line as the
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indicator of the metal poorness (Karlsson et al. 2008). However, as a growing number of metal-poor stars have been
discovered by recent observations (e.g., Hollek et al. 2011; Bonifacio et al. 2012; Cohen et al. 2013; Yong et al. 2013b;
Roederer et al. 2014b), and moreover a systematic observation to find the PISN signatures in metal-poor stars has
been undertaken (Ren et al. 2012), it is possible to expect that a candidate of a PISN child will be discovered near
future. Indeed, by applying the PISN fraction for the first stars of ∼ 25% to the theoretical model constructed by
Karlsson et al. (2008), the number fraction of PISN children from all the MP stars can be estimated as ∼ 1/400, which
is about the current observational limit for the detection.
In this work, we newly perform sequence of numerical simulations of the evolution, the explosion, and the nucleosyn-
thesis, for first stars with initial masses of ∼ 140–300 M. Explosive nucleosynthesis of PISNe has been calculated
by Heger & Woosley (2002) and by Umeda & Nomoto (2002). However, their stellar simulations neglect the effects of
stellar rotation. It has been shown that stellar rotation can affect all important outputs of stellar evolution (Meynet &
Maeder 2000; Heger et al. 2000), and moreover first stars are suggested to posses a large angular velocity at its birth
(Stacy et al. 2011, 2013). Therefore we firstly consider the effect of stellar rotation for the yields of PISNe, applying a
moderate rotation speed of 30% of the kinetic critical velocity at ZAMS stages. Through the systematic calculations,
we aim to find characteristic abundance patterns that can be used to constrain the progenitor’s properties, namely,
the initial mass and the rotation.
Furthermore, we conduct the first systematic comparison between PISN theoretical yields and observations using the
big stellar abundance data compiled in SAGA database (http://sagadatbase.jp/, Suda et al. 2008, 2011; Yamada
et al. 2013; Suda et al. 2017). The purpose of the comparison is, firstly, to confirm the (non-)existence of PISN signatures
on the current MP stellar sample, and secondly, to validate what are the fundamentally reliable and practically useful
abundance ratios to discriminate PISN signatures.
This paper is organized as follows. In the next section, code description is given for the evolution, explosion, and
post-processing codes used in this work. Results of stellar evolution calculations are analyzed in §3, in which effects
of stellar rotation are mainly discussed. Section 4 is attributed for the discussion on the initial and CO core mass
ranges for PISNe. Results of PISN nucleosynthesis are analyzed and discussions on characteristics of PISN abundance
patterns are given in §5. Comparison between the theoretical models and the observed abundances of MP stars is
conducted in §6. Finally, discussion and conclusion are presented in §7.
2. COMPUTATIONAL METHOD
2.1. Stellar Evolution Code
Stellar evolution of zero-metallicity stars are calculated using the stellar evolution code described in Takahashi et al.
(2016). Result of Big bang nucleosynthesis by Steigman (2007) is used for the initial chemical composition, and 153
isotopes are considered in the reaction network (Tab.1, left column). The reaction rates are taken from the current
version of JINA REACLIB (Cyburt et al. 2010) except the rate of 12C(α, γ)16O is taken from Caughlan & Fowler
(1988) multiplied by a factor of 1.2.
The Ledoux criterion is used for convective instability. Inside the convective region, a diffusion coefficient is estimated
by Dcv = vMLTlMLT/3, where vMLT and lMLT are the velocity of the convective blob and the mixing length calculated
by the mixing-length theory. To describe the chemical mixing by convective overshoot, an exponentially decaying
coefficient,
Dovcv = Dcv,0 exp
(
−2 ∆r
fovHp,0
)
, (1)
where fov is an adjustable parameter, Dcv,0 and Hp,0 are the convective diffusion coefficient and the pressure scale
hight at the edge of the convective region, and ∆r is a distance from the edge, is added to the diffusion coefficient.
A very small constant mass loss rate of 10−14 M/yr, the effect of which is practically negligible, is considered in
non-rotating models (Yoon et al. 2012).
Effects of stellar rotation are taken into account (Heger et al. 2000; Meynet & Maeder 2000). Deformation factors
are included in the equations of pressure and temperature balances (Endal & Sofia 1978). Diffusion approximation
is applied to transportation of angular momentum using the diffusion coefficient νeff . For the diffusion coefficient,
νeff,non−mag = νES + νGSF + νSH + νDS + νSS, in which coefficients owing to the Eddington-Sweet circulation (the
meridional circulation), the Goldreich-Schubert-Fricke instability, the Solberg-Høiland instability, and the dynamical
and secular shear instabilities are summed up (Heger et al. 2000; Pinsonneault et al. 1989), is used in a non-magnetic
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Element mass number Element mass number
n 1 1 Ar 34-40 33-42
H 1-3 1-3 K 37-41 36-43
He 3-4 3-4 Ca 38-43 37-48
Li 6-7 6-7 Sc 41-45 40-49
Be 7-9 7-9 Ti 43-48 41-51
B 8-11 8-11 V 45-51 44-52
C 12-13 11-14 Cr 47-54 46-55
N 13-15 12-15 Mn 49-55 48-56
O 14-18 13-20 Fe 51-58 50-61
F 17-19 17-21 Co 53-59 54-62
Ne 18-22 18-24 Ni 55-62 56-66
Na 21-23 20-25 Cu 57-63 59-67
Mg 22-26 21-27 Zn 60-64 62-70
Al 25-27 23-29 Ga - 65-73
Si 26-32 24-32 Ge - 69-76
P 29-33 27-34 As - 71-77
S 30-36 29-36 Se - 73-79
Cl 33-37 31-38 Br - 76-80
Table 1. Isotopes included in the stellar evolution and hydrodynamic code (153 isotopes, left) and in the post-processing code
(300 isotopes, right).
model. While in a magnetic model, νeff,mag = νeff,non−mag + νTS, where νTS is the viscosity owing to the Tayler-
Spruit dynamo (TS dynamo, Spruit 2002), is applied. To account for the rotation induced mixing, additional diffusion
coefficients of Drot,non−mag = fc× νeff,non−mag for the non-magnetic model and Drot,mag = Drot,non−mag +DTS, where
DTS is the diffusion coefficient of the Tayler-Spruit dynamo, for the magnetic model are included in the diffusion
equation of chemical species. Mass loss is enhanced due to the nearly-critical rotation at the surface (the Ω− Γ limit,
Langer 1998; Maeder & Meynet 2000). According to Yoon et al. (2010, 2012), the enhanced mass loss rate is calculated
as
M˙ = −min
[
|M˙(vrot = 0)| ×
(
1− vrot
vcrit
)−0.43
, 0.1
M
τKH
]
, (2)
where vrot, vcrit ≡
√
GM(1− L/LEdd)/R, τKH, Ledd are the surface rotation velocity, the critical rotation velocity,
the Kelvin-Helmholtz timescale, and the Eddington luminosity, respectively.
Important note here is that there is still large uncertainty in treatment of rotation induced mixing in spite of vigorous
efforts over the years. For example, the diffusive treatment for the meridional circulation that is essentially an advective
process is debatable (Maeder & Zahn 1998; Chieffi & Limongi 2013), although a detail comparison between the different
treatments has not been done. The treatment of interplay between stellar rotation and magnetic field is even more
disputable. Different treatments for TS dynamo are known (Maeder & Meynet 2004; Denissenkov & Pinsonneault
2007), and moreover, numerical simulation by Zahn et al. (2007) has found no dynamo process in their differentially
rotating stellar model. Our rotating results should thus be regarded as representative results with rotation induced
mixing: A case with efficient diffusion of angular momentum will be represented by the magnetic models. Therefore
the different models will cover a reasonable range of theoretical uncertainty involved in modeling for PISN progenitors.
The same calibration to the recent grid calculations with GENEC (Ekstro¨m et al. 2012; Georgy et al. 2012, 2013) has
been done to fix adjustable parameters in the code. Parameters are the mixing length parameter αmix, the overshoot
parameter fov, the ratio between the mixing coefficient and the effective viscosity fc, and a parameter showing the
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reduction efficiency of µ-barrier fµ. Values of (αmix, fov, fc, fµ) = (1.8, 0.01, 1/32, 0.1) are used for non-magnetic
models and (1.8, 0.01, 1/8, 0.1) are used for magnetic models.
2.2. Explosion Code
A 1D-spherical general-relativistic Lagrangian hydrodynamic code developed by Yamada (1997) is used for explosion
simulations. The code integrates the time in an implicit manner, iteratively solving equations of the metric and the
hydrodynamics. In order to utilize the code for general purpose simulations, Takahashi et al. (2016) introduced a
reaction network and a non-NSE EOS, which are also used in the stellar evolution code, into the hydrodynamic code.
153 isotopes are included in the reaction network. Although the code is capable of directly solving the Boltzmann
equation for the neutrino transport (Yamada et al. 1999; Sumiyoshi et al. 2000), the complicated transport equation is
not treated in this work. Instead, the thermal neutrino energy loss rate (Itoh et al. 1989, 1996), which is also imported
from the stellar code, is used to determine the local cooling rate.
2.3. Post-processing Code
Taking the exploding models, their explosive nucleosynthesis are calculated by a post-processing manner. The time
evolution of the density and the temperature are recorded for each Lagrangian mesh. According to the record, the
composition evolution of extended 300 isotopes, which are the same as a network used in the stellar calculations,
is calculated. Decay process of the explosive yield is further considered by calculating additional 1010 yr with a
temperature of 103 K and the density of 10−10 g cm−3. Comparisons with observations are made using solar-scaled
values of
[i/j] = log
( ni/nj
ni,/nj,
)
, (3)
where ni is the number density of the i-th element. Solar elemental abundance is taken from Asplund et al. (2009).
3. STELLAR EVOLUTION OF PISN PROGENITORS
Evolution of a massive Pop III star having an initial mass of Mini ∈ [100, 290] M are calculated with three different
rotation treatments. The first model sequence is obtained for non-rotating models, in which no rotational mixing,
no rotational mass loss, and no centrifugal force are considered. Besides, two sequences for rotating models are
calculated; the one with TS dynamo and the other without TS dynamo. Hereafter they are referred to as magnetic-
or non-magnetic (rotating) models, respectively. The rigid rotation is applied for the initial rotation profile with the
rotation period of 30% of the Kepler rotation at its surface. Evolution of each model is calculated from the ZAMS stage
until the central temperature reaches ∼ log Tc[K] = 9.2. In this section, evolutionary properties of PISN progenitors
are discussed, mainly focusing on how stellar rotation affects the results.
3.1. 160 M models
Evolution of a non-rotating PISN progenitor is simple. As an example, evolution of convective regions are shown
for the non-rotating 160 M model in Fig.1. The star spends the core hydrogen burning stage for 1.88 Myr. During
this phase, the star develops the central convective region, which firstly fills the inner 136 M and gradually recedes
in mass forming a 79.1 M He core. The next core helium burning stage lasts 2.96× 105 yr. The star forms a roughly
constant-mass convective helium burning core of ∼ 71 M during this phase. Finally the star forms a 74.0 M CO
core, which is at the lower side of the CO core mass to explode as a PISN (Takahashi et al. 2016).
Stellar rotation affects the evolution through mass loss and rotational mixing for chemical species. The centrifugal
force can modify the hydrostatic structure in principle, but the applied rotation speed in this work is too slow to have
an influential effect. Kippenhahn diagram of the non-magnetic rotating model of 160 M is shown by Fig.2. Rotating
160 M models lose parts of their envelope masses by 6.42 M for non-magnetic and by 10.69 M for magnetic cases.
In these models, mass loss takes place at a latter half of the core hydrogen burning phase and at the transition phase
between the hydrogen burning and the helium burning phases. Since the lost mass is small compared with the total
envelope mass, the mass loss has little effect on the evolution. On the other hand, it may have an impact on the
environment, as the lost mass injects kinetic energy of ∼ 3× 1050 erg into the ambient matter through this process.1
1 In this estimate, we assume the lost mass has a wind velocity of
√
GM/R = 1.74× 103 km sec−1.
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Figure 1. Kippenhahn diagram of non-rotating 160 M model. Green-hatched regions show the convective regions. Colors indicate the
heating (red) or the cooling (blue) rates at the region.
The lost material may sweep up the ambient matter, triggering succeeding star formation. Since the lost material has
not been chemically processed, the ambient matter mixed with the stellar wind retains its composition. The stellar
wind from a rotating Pop III star therefore may enhance the local star formation rate of Pop III stars.
The first consequence of rotational mixing is the extension of the He core, which results in shifting to lower side of
the mass range for PISN (Chatzopoulos & Wheeler 2012; Yoon et al. 2012). During the core hydrogen burning phase,
rotational mixing takes place at the boundary region between convective core and the envelope. This acts similar
to convective overshooting, transporting inner helium rich material to the outer region. As a result, the magnetic
160 M model forms a larger He core of 83.0 M than the non-rotating model. Another direct consequence of the
rotational mixing is synthesis of primary nitrogen during the core helium burning phase. Figure 3 shows evolution of
chemical distribution during the core helium burning phase for the non-magnetic 160 M model. Over the core helium
burning phase of ∼ 2× 105 yr, rotational mixing transports helium burning products of carbon and oxygen from the
inner convective region to the outer helium layer, forming a CO-enriched tail in the layer. As the edge of the tail
permeates into the base of the hydrogen layer, the helium burning products are transformed into 14N via CNO-cycle.
The non-magnetic rotating 160 M model finally yields 7.67× 10−1 M of nitrogen in its outer regions than the CO
core, which is ∼ 4× 105 times larger than the yield of the non-rotating model, 1.97× 10−6 M.
However, reflecting the large uncertainty in the theory of rotational mixing, results of the two rotating models with
and without TS dynamo differ both qualitatively and quantitatively. First, the nitrogen yield in the magnetic model
is 1.34 × 10−5 M and comparable to the non-rotating case. This is because, the main mechanism that accounts
for the rotational mixing during the helium burning phase in the non-magnetic model is GSF instability. Since GSF
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Figure 2. Kippenhahn diagram of non-magnetic rotating 160 M model.
instability requires strong shear at the region to work effectively, the efficient mixing does not take place in the helium
layer of the model with TS dynamo, in which magnetic torque effectively works to achieve the solid rotation.
The second difference is occurrence of the convective dredge-up in the non-magnetic model. During the core helium
burning phase, convection arises in the H/He boundary region. The base of the shell convection moves inward for
all models. Furthermore, the convective base of the non-magnetic model keeps its motion even after it reaches the
edge of the hydrogen deficient region. As a result, significant mass of the outer helium layer is dredged into the shell
convective region. One consequence is that the He core mass of the non-magnetic 160 M model finally becomes
72.9 M and is even slightly smaller than the non-rotating model. Another important consequence is boosting the
nitrogen synthesis. The reason why the convective dredge-up takes place is unclear. However, it possibly relates to
the rotational mixing in the helium layer, by which the luminosity of the shell hydrogen burning is enhanced. We note
that a similar dredge-up episode also takes place in the work by Yoon et al. (2012), but for > 200 M non-rotating
models.
Among the 160 M models in this work, only the non-magnetic rotating model forms an inflated red-giant envelope
during the evolution. This may be related to the fact that only the non-magnetic model experiences the dredge-
up event and accompanying boosting of the shell hydrogen burning. However, an important note here is that the
theoretical estimate for the envelope evolution of a massive Pop III star significantly depends on numerical treatments
of additional mixings, such as overshooting, semi-convection, and rotational mixing. The convective overshooting
during the core hydrogen phase is one of the most influential: with a somewhat larger overshoot parameter of 0.015, a
non-rotating 160 M develops an inflated envelope during its core helium burning phase. Unless reliable calibration
8 Takahashi et al.
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Figure 3. Evolution of chemical distribution in the non-magnetic rotating 160 M model are shown from top to bottom panels. The
time before the collapse, tbc, is indicated for each panel.
can be done for the massive Pop III stars, it is needed to understand physical properties of these phenomena before
conducting a reasonable prediction on the radius.
Chemical distribution at the calculation end is shown for 160 M models in Fig.4. The overall characteristics of
the non-rotating and the magnetic rotating model are very similar except for the larger core mass and the slight lost
of the envelope mass of the rotating model. On the other hand, the non-magnetic rotating model has a nitrogen rich
envelope, and thus the model finally yields far more abundant nitrogen. Chemical composition of the three CO cores
are quite similar except for the more diffused chemical distribution seen in the outer region of the core for the non-
magnetic rotating model. The C/O ratios measured at homogeneous regions (Mr = 40 M) are 0.168 for non-rotating,
0.164 for non-magnetic, and 0.152 for magnetic models. Moreover, all of these cores have extremely small neutron
excesses, η ≡∑(Ni − Zi)Yi, of 4.03× 10−7, 5.22× 10−7, and 4.22× 10−7, respectively. In conclusion, stellar rotation
does not enhance the neutron excess of the CO core, because nitrogen enhancement takes place only outside of the
core. Consequently, quite similar explosive yields result from the models with different rotation treatments, which is
reported later.
3.2. Summary of the evolutionary calculations
Properties obtained for 160 M models are common for models with different masses. In Table 2, core masses,
lifetimes, and nitrogen yields at log Tc[K] = 9.2 are summarized. Total masses of rotating models are slightly reduced
by the rotation-induced mass loss, while no mass loss is assumed for non-rotating models. He core masses of magnetic
rotating models are increased, while non-magnetic rotating models reduce the core mass through the convective dredge-
up episode. Despite the different core masses, durations of the core hydrogen and the core helium burning phases are
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Figure 4. Chemical distributions of 160 M models at the end of evolution calculations. The top panel shows the result of non-rotating
model, the middle is the non-magnetic model, and the bottom is the magnetic model.
almost independent from the rotation treatments. This is because these durations only slightly depend on the total
and the core masses in this massive initial mass range.
Nitrogen yields of non-rotating models are small. And only slight enhancements are seen in the magnetic rotating
models, except for the 280 M model in which the dredge-up episode takes place. The reason of the small enhancement
is the same as in the 160 M model: the strong shear at the helium layer does not develop in the magnetic models.
On the other hand, non-magnetic rotating models yield significantly larger amount of nitrogen. Because the dredge-up
episode takes place at a later stage in the core helium burning phase, the amount of nitrogen yields are smaller for
a less massive models of 100–140 M, but they are still far more abundant than non-rotating and magnetic rotating
models.
Finally, we show progenitor structures obtained in this work in Fig.5. Variations among the models with different
rotation treatments can be seen in the envelope structures. That is, non-magnetic rotating models have dilute and
inflated envelopes, while envelopes in other models are more compact and dense. Accordingly, the non-magnetic models
show stronger decline in density at core edges. Inner part of the cores, on the other hand, exhibit similar structures
independent of the rotation treatments.
As for the internal rotation profile, existence of the strong shear at the core/envelope boundary is the qualitative
difference between the two sequences in rotating models. Magnetic models more or less rotate uniformly. This is due to
the efficient angular momentum transfer by the TS dynamo, which imposes rigid rotation on the star. Since the central
region of the star spins up as the star evolves, outward transport of the angular momentum takes place. Accordingly,
magnetic models only retain specific angular momentum of ∼ 1016 cm2 sec−1 in the core at the calculation end. The
corresponding core rotation rate becomes ∼ 1/100 of the Kepler rotation rate. On the other hand, no instabilities
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considered in non-magnetic models account for such an efficient transfer after the core helium burning phase. As a
result, the non-magnetic models keep specific angular momentum of ∼ 1017–1018 cm2 sec−1 even for the later stages
of the evolution. Accordingly, the angular velocity reaches ∼ 10% of the Kepler rate at the calculation end.
The fast core rotation obtained in the non-magnetic models may affect the further collapse and the explosion as a
PISN, although our explosion code does not handle the rotating flow. Assuming that the local angular momentum
is kept constant during core collapse, the ratio between the local angular velocity and the Keplerian angular velocity
increases as ω/ωK ∝ r−1/2. Assuming the highest density achieved during the collapse is ∼ 107 g cm−3 for the most
massive PISN model, the core density increases by a factor of ∼ 102 and correspondingly the core radius decreases
by a factor of ∼ 10−2/3. This means that the centrifugal force can be as high as ∼ 40% of the local gravity at its
maximum during the explosion. We let how rotating flow affects to the explosion open in this work, however, further
investigation with a multi-dimensional hydrodynamic code will be interesting.
4. INITIAL MASS RANGE FOR PISNE
Mechanism and dynamics of a PISN explosion have been well investigated in previous works. They can be summa-
rized as follows. A collapsing core is heated mainly by oxygen burning, which initiates when the local temperature
exceeds log T [K] > 9.5. Due to the heating, a CO core with a mass of ∼ 65–130 M reverses its motion and finally
explodes. On the other hand, a more massive CO core of >∼ 130 M keeps collapsing, because iron dissociation,
which reduces the (non-relativistic) thermal energy and thus the pressure, takes place at the high temperature central
region of log T [K] > 9.75.
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Mini Mfin vini vini/vK τH τHe Mc,He Mc,CO Fate Etot M56Ni
M M km sec−1 Myr 105 yr M M 1051 erg M
Non-rotating models
100 100.0 0 0 2.244 3.392 46.51 42.19 - - -
120 120.0 0 0 2.051 3.267 56.90 52.13 - - -
140 140.0 0 0 1.979 3.120 68.97 63.79 - - -
160 160.0 0 0 1.884 2.964 79.18 74.04 PPISN (4.115) (0.009)
170 170.0 0 0 1.842 3.075 84.40 77.59 PPISN (8.722) (0.127)
180 180.0 0 0 1.818 2.942 89.86 84.77 PISN 17.31 0.567
200 200.0 0 0 1.749 2.861 100.07 92.55 PISN 24.86 1.264
220 220.0 0 0 1.705 2.814 110.41 103.87 PISN 43.16 6.508
240 240.0 0 0 1.661 2.838 121.06 112.76 PISN 54.48 12.54
260 260.0 0 0 1.619 2.764 127.42 119.90 PISN 65.19 20.65
280 280.0 0 0 1.596 2.795 142.84 133.71 PISN 94.47 47.68
290 290.0 0 0 1.586 2.864 149.99 140.08 BH - -
Non-magnetic rotating models
100 97.05 638 0.30 2.355 3.216 45.96 44.48 - - -
120 114.78 624 0.30 2.160 3.071 59.29 54.96 - - -
140 134.62 687 0.30 2.043 3.063 68.47 64.45 PPISN (4.374) (0.009)
160 153.58 710 0.30 1.945 2.912 72.93 72.94 PISN 6.828 0.025
180 172.42 727 0.30 1.872 2.917 83.10 83.11 PISN 21.12 0.796
200 191.30 746 0.30 1.808 2.884 93.18 93.20 PISN 36.10 4.267
220 210.09 761 0.30 1.755 2.776 100.02 100.02 PISN 45.53 8.209
240 228.95 778 0.30 1.710 2.793 108.45 108.45 PISN 59.40 18.73
260 247.78 793 0.30 1.671 2.719 118.98 118.98 PISN 76.50 34.40
280 266.51 806 0.30 1.634 2.670 126.08 126.08 BH - -
Magnetic rotating models
100 94.73 637 0.30 2.453 3.299 51.91 47.99 - - -
120 111.31 624 0.30 2.253 3.123 63.74 59.70 - - -
140 131.24 688 0.30 2.110 3.028 72.66 68.39 PPISN (1.168) (0.264)
160 149.31 709 0.30 2.000 2.964 83.02 78.73 PISN 9.373 0.169
180 167.48 729 0.30 1.916 2.903 94.04 88.79 PISN 20.71 0.892
200 185.52 747 0.30 1.849 2.890 106.83 100.08 PISN 36.47 3.741
220 203.41 762 0.30 1.794 2.830 116.92 110.30 PISN 51.84 11.12
240 221.36 778 0.30 1.743 2.835 127.83 120.33 PISN 69.09 23.40
260 239.33 794 0.30 1.700 2.785 136.97 130.36 PISN 85.10 38.22
280 257.25 805 0.30 1.659 3.012 139.09 139.09 BH - -
Table 2. Model properties. Mini and Mfin are the initial and final masses; vini and vK ≡
√
GM/R are the surface rotation velocity
and the surface Kepler velocity at the zero age main sequence; τH and τHe are lifetimes of core hydrogen and core helium burning stages;
Mc,He and Mc,CO are masses of helium and carbon-oxygen cores. Fate is chosen from PPISN, PISN, or BH according to the explosion
simulations. Etot and M56Ni, the explosion energy and the ejected
56Ni mass respectively, are shown for exploding models.
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An accurate estimate of the initial mass range for PISN, however, is still difficult. This is firstly because of the
uncertain relation between the CO core mass and the initial mass. The initial to core mass relation largely depends on
efficiencies of additional mixings during core hydrogen and core helium burning phases, namely convective overshooting
and rotation induced mixing, both of which are constrained only poorly through observations. In addition, here we
firstly report that stars having the same core masses can show different explodability when their envelope structures
are different.
In this work, initial mass ranges for PISNe have become 180–280 M for non-rotating models, 160–260 M for
magnetic models, and 160–260 M for non-magnetic models. The non-rotating models have larger minimum and
maximum masses for PISNe, while the two rotating sequences have the same mass range. The corresponding CO
core masses are ∼ 84.7–133.7 M, ∼ 78.7–130.3 M, and ∼ 72.9–118.9 M, respectively for non-rotating, magnetic,
and non-magnetic models. We note that the CO core mass ranges of non-rotating and magnetic rotating models are
consistent because the non-rotating 170 M model, which is the largest mass to end up with an incomplete explosion,
has 77.5 M CO core mass. Therefore it can be said that the non-magnetic rotating models have smaller minimum
and maximum CO core masses for PISNe.
The shift of the initial mass range between the non-rotating and magnetic rotating models is due to the core mass
enhancement by rotation induced mixing. This does not affect the explosion and thus the CO core mass ranges for
PISN. Meanwhile, the shift in the CO core mass range in non-magnetic rotating models is resulted from the different
envelope structure that these models have, that is, the non-magnetic models develop inflated envelope during the
evolutionary phases.
The reason of the lower shift of the minimum CO core will be because the inflating envelope has a small binding
energy that requires small explosion energy to be blown off. This can be shown by comparing the non-magnetic 160
M model, which explodes with the explosion energy of 7.38× 1051 erg, with the non-rotating 170 M model, which
end up with an incomplete explosion but still has a positive total energy of 8.72×1051 erg. Here, it is noteworthy that
the judgment of explosion can be inaccurate for low mass models, although the discussion above will be qualitatively
correct. This is because there is no clear division between complete explosion and incomplete explosion ejecting only
the outer part of the star, which is called pulsational-PISN (PPISN, Woosley 2017 and reference therein). For example,
the non-rotating 170 M model firstly expands the whole part of the star with a positive total energy of 8.72× 1051
erg, but later the central part turns back the motion after ∼ 5,000 sec from the expansion. The result thus can be
affected from small changes in numerical treatments such as resolutions.
The maximum CO core mass for PISN is related to the maximum central temperature during the explosion. This
is because the mechanism to trigger the final collapse is the iron dissociation reactions, which transforms the internal
energy to the rest mass energy reducing the pressure, and the reactions initiate with a high temperature of log T [K] >
9.75. Therefore a massive model cannot stop the contracting motion once the central temperature exceeds the critical
value of log T [K]s ∼ 9.80 (Takahashi et al. 2016). Figure 6 shows distributions of maximum temperature during the
explosion for exploding rotating models. As discussed above, non-magnetic models (shown by solid lines) develop
inflated envelopes during their evolution, whereas magnetic models (dashed lines) do not. As a consequence, non-
magnetic models develop steeper distributions of temperature and density in their outer core regions, in order to
connect with the low temperature base of the inflating envelope. The figure shows that the steeper temperature
distribution is kept during the explosion. Consequently, a CO core with an inflated envelope has a smaller core mass
than a core surrounded by a deflated envelope for the same maximum central temperature. This results in the smaller
maximum core mass for models with inflated envelopes.
5. EXPLOSIVE NUCLEOSYNTHESIS IN PISNE
5.1. Explosive nucleosynthesis in non-rotating models
As an example, change of the chemical distribution before and after the PISN explosion is shown in Fig.7 for the
non-rotating 240 M model. Besides the explosive nucleosynthesis, decay calculation has been applied to show the
distribution after the explosion. The yields of the model are summarized in Table 3.
Alpha elements, 12C, 16O, 20Ne, and 24Mg, which originally compose the CO core, remain at the edge region after
the explosion. All of these isotopes except for helium are synthesized during core helium burning. At the inner core,
odd-elements of 23Na and 27Al have already synthesized before the explosion. They are carbon burning products, but
soon are burnt by further burning processes.
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Figure 6. Distributions of the local maximum temperature reaching during the explosion for the rotating models. Non-magnetic models
are shown by solid lines and magnetic models are by dashed lines. Each point indicates the position of the CO core/He layer boundary.
Black dashed lines show referential temperatures. See also Fig. 8.
The outer core region of ∼ 91–112 M has a low maximum temperature during the explosion of log T [K] < 9.32.
While original CO core materials remain to be the major yields of the region, alpha particles are almost completely
captured during the explosion to synthesize an alpha-element of 28Si and moreover odd-Z elements of 23Na and 27Al.
In the middle region of ∼ 62–91 M, carbon and neon are burnt to synthesize abundant 28Si, 23Na, and 27Al with
the maximum temperature during the explosion of log T [K] < 9.45. Furthermore, 24Mg burns as well in a inner region
of ∼ 45–62 M, producing intermediate-mass elements including 40Ca and odd-Z elements of 39K and 45Sc.
The inner region of ∼ 3.1–45 M has a high maximum temperature during the explosion of log T [K] > 9.51. The
high temperature allows 16O to burn to synthesize intermediate-mass elements from silicon to scandium and iron-peak
elements from titanium to iron. The odd-Z iron-peak elements such as 51V, which is firstly synthesized as 51Cr and
51Mn, and 55Mn, which is as 55Fe and 55Co, are produced in this region.
At the inner most region of ∼ 3.1 M, the maximum temperature during the explosion exceeds log T [K] > 9.65.
More than 90% of the material are finally synthesized into 56Fe, which is a decay product of 56 Ni. Small amount of
isotopes of cobalt (mostly in the form of 59Co), nickel, and copper are synthesized in this region as well.
The CO core of a non-rotating 240 M model is surrounded by the shell helium region of ∼ 112–121 M. In spite of
the low maximum temperature of log T [K] < 9.13, various isotopes are synthesized in this region as a result of alpha
capture reactions. Yields of most of these isotopes are actually far from abundant compared with the yields from the
inner CO core. However, there are exceptions. I.e., more than 90% of yields of odd-Z elements of 35Cl and 39K are
produced at the base of the helium layer.
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Figure 7. Chemical distributions before and after the PISN explosion for the non-rotating 240 M model. Decay calculation has been
applied to the bottom panel.
In the end, explosive nucleosynthesis in a PISN yields results in mostly the same chemical abundance in a region
with the same local maximum temperature. The local maximum temperature during the explosion is shown by Fig.8
for exploding non-rotating models. It is informative to divide a core into parts that have maximum temperatures of
(i) log T [K] > 9.65; a region yielding heavy iron-peak elements, (ii) log T [K] ∈ [9.51, 9.65]; a region yielding oxygen
burning products, (iii) log T [K] ∈ [9.45, 9.51]; a region yielding intermediate-mass elements up to scandium, (iv)
log T [K] ∈ [9.32, 9.45]; a region yielding intermediate-mass elements up to silicon, and (v) log T [K] < 9.32; a region
yielding CO core materials. Then it is the mass ratio among these regions in the CO core that basically determines
the abundance pattern of a PISN. In addition to the yields from the core, yield in a helium layer can be important for
some odd-Z elements.
Fig.9 shows abundance patterns of PISN yields of non-rotating models. Note that results of 160 and 170 M models
are included in this figure, although they do not show complete explosions. We select the magnesium yield, rather than
iron, as a denominator in the figure. This is because all of PISN models eject abundant magnesium, the magnesium
yield has a small dependency on the CO core mass, and moreover it is one of the most accessible element in observing
MP stars. The overall patterns are much scattered if iron yield is used as the reference instead (Fig.10).
A well-known peculiarity of PISN yields can be seen as the pronounced variance between odd-Z and even-Z elemental
yields, which discriminates PISN yields from the usual CCSN yields (Heger & Woosley 2002; Umeda & Nomoto 2002).
The odd-even variance is due to the low neutron excess, or the high Ye ∼ 0.5, of PISN ejecta. Since the overturn from
the collapse takes place within a short timescale, electron capture reactions are too slow to change the core Ye. With
the low neutron excess, the explosive nucleosynthesis favorably synthesizes even-Z elements.
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Table 3. PISN Yields of the non-rotating 240 M model
Element Yield Element Yield Element Yield Element Yield Element Yield
p 5.712E+01 d 5.318E-14 3He 5.526E-04 4He 7.220E+01 6Li 1.632E-09
7Li 6.881E-10 9Be 2.633E-20 10B 5.151E-15 11B 2.658E-10 12C 1.916E+00
13C 3.366E-06 14N 4.867E-05 15N 2.444E-05 16O 4.549E+01 17O 1.377E-06
18O 4.676E-08 19F 1.152E-07 20Ne 2.477E+00 21Ne 2.379E-05 22Ne 3.238E-05
23Na 4.470E-03 24Mg 2.918E+00 25Mg 1.041E-03 26Mg 2.993E-03 27Al 1.337E-02
28Si 2.203E+01 29Si 2.057E-02 30Si 2.395E-03 31P 3.140E-03 32S 1.678E+01
33S 9.349E-03 34S 8.008E-04 36S 2.525E-09 35Cl 3.526E-03 37Cl 1.300E-03
36Ar 3.704E+00 38Ar 3.749E-04 40Ar 2.627E-10 39K 3.356E-03 40K 2.430E-09
41K 3.760E-04 40Ca 4.259E+00 42Ca 2.040E-05 43Ca 2.022E-05 44Ca 1.503E-03
46Ca 9.004E-14 48Ca 1.975E-13 45Sc 1.664E-05 46Ti 8.986E-06 47Ti 1.216E-06
48Ti 2.172E-02 49Ti 6.228E-04 50Ti 2.448E-11 50V 8.710E-12 51V 5.134E-04
50Cr 6.368E-04 52Cr 3.610E-01 53Cr 1.402E-11 54Cr 3.608E-10 55Mn 4.202E-02
54Fe 1.442E-01 56Fe 1.254E+01 57Fe 8.931E-02 58Fe 3.389E-09 59Co 9.443E-04
58Ni 9.086E-02 60Ni 2.360E-02 61Ni 8.247E-04 62Ni 4.654E-03 64Ni 1.613E-15
63Cu 1.847E-06 65Cu 2.439E-06 64Zn 1.861E-05 66Zn 3.294E-05 67Zn 2.638E-08
68Zn 6.209E-09 70Zn 1.093E-28 69Ga 2.504E-09 71Ga 1.940E-10 70Ge 6.648E-08
72Ge 9.794E-11 73Ge 1.962E-13 74Ge 6.135E-26 75As 6.869E-16 74Se 1.942E-14
76Se 6.690E-19 77Se 2.337E-22 78Se 3.754E-27 79Br 2.192E-28
Notes. Yields of the non-rotating 240 M model. Yields of other models are also tabulated in Appendix A.
The most important property for lighter elements from carbon to aluminum is the similarity in the patterns among
the models with different initial masses. Scatters of the abundance ratios are especially small for four elements of
[O/Mg] = −0.02–0.06, [Ne/Mg] = −0.56–−0.42, [Na/Mg] = −1.53–−1.45, and [Al/Mg] = −1.30–−1.15. Especially,
the small abundance ratios seen in odd-Z elements of sodium and aluminum can be considered as representatives of
the distinctive odd-even variation, and to be used to discriminate PISN yields from others.
The opposite trends for the initial mass are found between even- and odd-Z intermediate-mass elements. That is,
abundance ratios of even-Z elements increase with increasing the mass of the progenitor, spanning, e.g., [Si/Mg] =
0.54–0.92 and [Ca/Mg] = 0.78–1.32. Contrastingly, rations of odd-Z elements basically decrease with increasing the
mass, e.g., [P/Mg] = −1.07–−0.98 for the same mass range. The reason why massive models of > 220 M, or > 240
M, produce more abundant chlorine or potassium is due to the nucleosynthesis in helium layers. These ratios range
[Cl/Mg] = −0.92–−0.49 and [K/Mg] = −1.11–0.08.
Heavier elements from titanium to germanium are synthesized in the innermost region of the star. Because less
massive models explode without entering this high temperature regime, the mass dependence of yields of these elements
becomes large. Thus, the lowest mass model yields smallest abundances of [Fe/Mg] = −0.96, [Co/Mg] = −3.34, [Ni/Mg]
= −1.73, and [Zn/Mg] = −8.82. In contrast, the highest mass model yields large amount of [Fe/Mg] = 1.04, [Co/Mg]
= 0.25, [Ni/Mg] = 0.97, and [Zn/Mg] = −0.47. Another characteristic pattern in this range is the steep decline above
Z > 28, which can be indicated by the small abundance ratios of [Zn/Fe] or [Zn/Ni]. This is due to the low maximum
temperature of the explosion (Umeda & Nomoto 2002). For the same reason, even the most massive model produces
heavy isotopes only up to germanium (A <∼ 70) with [Ge/Mg] = −2.13, and productions of heavier elements are
negligible, [As, Se/Mg] < −8.
5.2. Yields of rotating models
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Figure 8. Distributions of the local maximum temperature reaching during the explosion for the non-rotating models. Each point
indicates the position of the CO core/He layer boundary. Dashed lines show referential temperatures. See text for definitions.
Distributions of maximum temperature during the explosion have already been shown in Fig.6 for rotating models.
Because of the similar envelope structure, PISNe of magnetic rotating models yield similar abundance patterns to
non-rotating models. On the other hand, non-magnetic rotating models have low maximum temperature in the outer
cores and the envelopes. This affects the PISN nucleosynthesis.
Figure 11 shows abundance patterns of PISN yields of the non-magnetic rotating models. Overall properties are still
very similar to non-rotating results. However, abundance ratios of odd-Z elements of [Cl/Mg] and [K/Mg] now show
clear decreasing trends towards increasing mass, because elemental productions in a helium layer disappears in this
case. Besides, slightly higher abundances are obtained for lighter elements of carbon and neon. The lower temperature
at the core edge allows these elements to survive the explosion. In addition to the high nitrogen abundance owing to
the convective dredge-up episode during the evolutionary phase, such slight modifications may characterize yields of
PISNe from rotating progenitors.
In summary, the non-magnetic models; [O/Mg] = 0.07–0.15, [Ne/Mg] = −0.33–−0.24, [Na/Mg] = −1.51–−1.40, and
[Al/Mg] = −1.33–−1.04 for lighter elements, [Si/Mg] = 0.33–0.92, [P/Mg] = −1.31–−0.80, [Cl/Mg] = −1.06–−0.87,
[K/Mg] = −1.49–−0.88, [Ca/Mg] = 0.46–1.29 for intermediate-mass elements, and [Fe/Mg] = −2.00–0.95, [Co/Mg] =
−3.23–0.03, [Ni/Mg] = −1.68–0.68, [Zn/Mg] = −8.72–−0.70 for iron-peak elements.
6. COMPARISON BETWEEN PISN YIELDS AND SURFACE ABUNDANCES OF MP STARS
6.1. General trends of observed abundance ratios
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Figure 9. Abundance patterns of PISN yields normalized by the magnesium yield. Results of non-rotating models are shown. Note that
160 and 170 M models end up with incomplete explosions, so that the dotted lines are not correct abundance patterns.
The purpose of this work is to find abundance ratios that is useful to discriminate a possible candidate of PISN
children, which we tentatively refer to as a PISN-MP star2 from the other normal metal-poor stars. Such ratios are
desired to be selected from easily accessible elements by observations. Table4 shows numbers of stars compiled in
SAGA database, for which the abundance of each element is determined. This indicates that the most accessible
elements in observations of MP stars are magnesium, calcium, titanium, and iron, then followed by sodium, aluminum,
silicon, chromium, nickel, and zinc. Among them, magnesium is selected as the base, or the denominator, of the
abundance ratios for the investigation in this work. This is because the ratio facilitates comprehensive comparisons of
the theoretical yields of PISNe as shown above.
Among the peculiar abundance patterns of the PISN yields, the ratio of [Na/Mg] is found to be the most important
for comparison between the observations and the theoretical yields. In Fig.12, observed ratios are plotted as a function
of [Fe/H] and the theoretical range are overlaid as cyan (non-rotating) and orange (non-magnetic) bands. Typical
errors of ±0.2 dex for [Na/Mg] and ±0.1 dex for [Fe/H] are indicated by the purple cross. Although there are some
EMP stars showing more than 2 dex enhancement in the [Na/Mg] ratio, the main component including the decreasing
trend toward low [Fe/H] has been well reproduced by galactic chemical evolution models taking ejecta of core-collapse
supernovae into account (e.g. Kobayashi et al. 2006). Interestingly, despite the figure includes more than 2000 stellar
data, no stars are found within the theoretical band of the narrow and nearly mass independent ratios of −1.53–−1.40.
Additional pollution of CCSN yields of ∼ 10% in mass increases the [Na/Mg] ratio, but this effect will be too weak
to shift the ratio to explain the deviation. PISN models in this work have [Na/Mg] ∼ -1.5 and ∼ 1.5% in mass of
2 A PISN-MP star may be defined such that a high fraction, say > 90%, of its metal is originated from PISNe (e.g., Karlsson et al. 2008).
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Figure 10. Abundance patterns of non-rotating PISN yields normalized by the iron yield.
the yield is magnesium. Assuming a Pop III CCSN has [Na/Mg] ∼ -0.6 and ∼ 1% in mass of the yield is magnesium
(Umeda & Nomoto 2005; Kobayashi et al. 2006), the ∼ 10% pollution merely increases the ratio up to [Na/Mg] ∼
-1.33. Therefore we conclude that no PISN-MP stars are found from the currently observed MP stars, which have
been compiled in the SAGA database. This results also indicates that a PISN-MP star can be discriminated by its
small [Na/Mg] ratio. Possibly the lack of stars in the low [Na/Mg] region is explained as an observational limit. A
PISN-MP star, if observation achieves to detect its low sodium abundance, will be a rare exception passing this test.
Unfortunately, abundance ratios made by iron-peak elements of titanium, chromium, iron, and nickel are found to be
unprofitable for discrimination of a candidate of PISN children. The fundamental reason is that the most commonly
observed values of [X/Mg] = 0 is included in the wide band of the theoretical scattering. For example, the theoretical
range of [Ti/Mg] spans from −1.46 to 0.49. As a result, majority of observations is included in this theoretical band.
For other accessible elements of aluminum, silicon, calcium, and zinc, moderate numbers (several to tens) of stars are
found inside the theoretical bands. Then, as a next step, comparisons using combinations of them are conducted.
In Fig.13, stellar data are plotted on a plane of [Ca/Mg] and [Al/Mg] . As well as sodium, the main evolution
sequences of calcium and aluminum have been well explained by CCSN ejecta (Kobayashi et al. 2006). On the other
hand, for the PISN yields, no stars show comparable values of both ratios at the same time. This is due to the large
offset of the main stream of [Ca/Mg] from the theoretical band of PISN yields. In other words, the requirement of
[Ca/Mg] = 0.46 – 1.32 is too large for the current stellar samples to agree with. A PISN-MP star thus will show a
much higher [Ca/Mg] ratio than the other normal MP stars.
6.2. Detailed comparisons with metal-poor stars
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Figure 11. Abundance patterns of non-magnetic rotating models.
In order to specify other characteristic abundance patterns of PISN yields, more detailed comparisons with non-
rotating PISN model yields have been conducted for 72 MP stars. They are summarized in Table5 and in Appendix.
Most (71 out of 72) of those MP stars are selected according to the low [Al/Mg] and the high [Si/Mg] ratios, which
place inside the red box of ([Al/Mg], [Si/Mg]) = (0.2, −1.0) – (1.1, −1.5) shown in Fig. 14. In addition, the abundance
pattern of SDSS J0018-0939 (Aoki et al. 2014) is analyzed, which is characterized by the low [α/Fe] ratios of [C, Mg,
Si/Fe] and by the exceptionally small [Co/Ni] ratio. Since the metallicity of the stars, [Fe/H], is not utilized during the
selection, the sample includes metal-poor stars with metallicity as large as −1.86. As most of the previous works except
for Aoki et al. (2014) have considered only EMP stars of [Fe/H] . −3 to be compared with PISN yield patterns, this
high maximum metallicity characterizes the sample of this work. Most of these relatively-metal-rich stars will show
the results of not one-time but multiple metal pollutions in their abundances. However, the wide range in metallicity
can be rather adequate for the comparison with PISN yields, as some theoretical works suggest that high metallicity
of ∼ 10−3 Z is reachable by a one-shot PISN in the early universe due to the large metal production (Karlsson et al.
2008; Greif et al. 2010).
As an example, the surface abundance pattern of #23 CS22942-011 is shown in Fig.15. The observation is compared
with theoretical models of non-rotating PISN abundances. First of all, as a confirmation of the earlier findings, the
figure shows that this MP star neither has the low [Na/Mg] nor the high [Ca/Mg] to match with the theory. In addition,
abundance ratios of [Sc/Mg] and [Zn/Fe] are found to be informative. The observed ratios of [Sc/Mg] = −0.49 and
[Zn/Fe] = 0.53 are higher than theoretical predictions, indicating that the MP star is not a PISN-MP star.
A merit of using these abundance ratios is their good accessibilities: [Sc/Mg] is obtained for 71 stars including
one star with an upper-limit, and [Zn/Fe] is obtained for 66 stars including 12 stars with an upper-limit as well.
Moreover, theoretical predictions give low upper-limits of [Sc/Mg] < −0.75 and [Zn/Fe] < −1.51, while only 9 stars
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Table 4. Number of stars in SAGA database
element number of stars
Na 2445
Mg 3619
Al 2121
Si 2591
P 0
S 363
Cl 0
Ar 0
K 260
Ca 3617
Sc 1389
Ti 3324
V 943
Cr 2413
Mn 1395
Fe 4108
Co 1265
Ni 2808
Cu 600
Zn 1801
Notes. Numbers of stars compiled in SAGA databasea, in which the abundance is observed for each element.
aNumbers are obtained by Nov. 8, 2017 updated version.
in the sample (#13, 20, 33, 34, 50, 58, 62, 67, and 69) have [Sc/Mg] < −0.7 and all zinc-detected stars have higher
[Zn/Fe] than the theoretical limit. Therefore these ratios can be used as the constraints similar to [Na/Mg], though
the high accessibilities may be owing to the high occupancy in the sample of the observation using high resolution
spectroscopy at the Magellan Telescopes (Roederer et al. 2014a,b).
A note for the scandium abundance is that a Pop III CCSN yield also fails to reproduce the observed value of [Sc/Fe]
∼ 0 (e.g., Kobayashi et al. 2006). In other word, a normal CCSN model produces too little amount of scandium to
match with the observation. Hence, origin of scandium in MP stars is somewhat uncertain, while the too small
production of scandium may be solved by considering ejection of high entropy material in a jet-induced explosion
(Tominaga 2009; Tominaga et al. 2014). Nevertheless a result that PISN models yield too small scandium to explain
observations is still valid, because the theoretical prediction of PISN yields is robust thanks to the clear understanding
of the explosion mechanism.
6.3. SDSS J0018-0939
SDSS J0018-0939 is a metal-poor main-sequence star with a metallicity of [Fe/H] = −2.46 discovered by Aoki et al.
(2013). Aoki et al. (2014) further observe the distinctive abundance pattern, which is characterized by the low [α/Fe]
ratios of [C, Mg, Si/Fe] and by the exceptionally small [Co/Ni] = −0.68 ratio. Despite the star has the relatively
large metallicity, they assume that the star possesses primitive chemical abundances based on the low abundances
of neutron-rich elements of [Sr/Fe] < −1.8 and [Ba/Fe] < −1.3. One explanation given in their work is a single
nucleosynthesis by a very massive star occurring in the early universe. They compare two theoretical yields in this
line with the observation; a Pop III 1000 M CCSN model exploded with 6.67× 1053 erg (Ohkubo et al. 2006) and a
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Figure 12. [Na/Mg] versus [Fe/H] collected from the SAGA database. Stellar data are plotted by points. The typical errors of ±0.2
dex for [Na/Mg] and ±0.1 dex for [Fe/H] are shown by the purple cross. The ranges of theoretical yields by changing the initial mass are
shown by cyan and orange bands for non-rotating and non-magnetic results respectively.
Pop III PISN model with a 130 M He core (Umeda & Nomoto 2002), and discuss that the low [C, Mg/Fe] and the
low [Co/Ni] can be explained by these very massive models.
Comparison between the stellar abundances of SDSS J0018-0939 (Aoki et al. 2014) and non-rotating PISN abun-
dances has been made in Fig. 16. The most important result in this comparison is the smaller [Ca/Mg] = 0.43 than
the theoretical lower-limit of [Ca/Mg] > 0.46. This result will already exclude the possibility that this MP star is a
PISN-MP star. Considering the large uncertainties in both theoretical modeling and observation, PISN from the least
massive progenitor may be adequate to explain the small [Ca/Mg] ratio. However, the large stellar abundances of
the iron-peak elements of [(Cr, Co, Ni)/Mg] are then totally inconsistent with the theory, because the most massive
progenitor is required for the large abundances in contrast. Another inconsistency is the higher abundance ratios of
[(Na, Al, V)/Mg] than the theoretical models. From these results, we conclude that the abundance pattern of SDSS
J0018-0939 is not compatible with PISN models.
7. DISCUSSION AND CONCLUSION
Existence of PISNe in the early universe, if it is confirmed, can be a direct proof of not only the hydrodynamical
instability due to the electron-positron pair production, which is a fundamental consequence in the theory of very
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Figure 13. Same as Fig. 12 but for [Al/Mg] versus [Ca/Mg]. The typical errors of ±0.2 dex for [Al/Mg] and ±0.1 dex for [Ca/Mg] are
shown by the purple cross.
massive star evolution, but also the prediction of the initial mass function in the early universe, which is estimated to
have a high-mass peak of ∼ 100 M. The confirmation can be done by detecting a PISN-MP star from extremely-
and very-metal-poor stars existing in our galaxy. We have shown that characteristic abundance ratios of low [Na/Mg]
and high [Ca/Mg] will be fundamentally useful for the detection of the PISN-MP star. Similarly, a PISN-MP star
will show high [Si/Mg] and low [(Al, Sc, Zn)/Mg] ratios. It is noteworthy that ratios of [X/Fe] are not as informative
as [X/Mg] since iron production in PISNe is highly dependent on the progenitor mass. Stellar rotation may trigger
effective internal mixing during the stellar life. We have also shown that the internal mixing does not affect the
explosive nucleosynthesis in PISN, but can induce efficient nitrogen production. Therefore the ratio [N/Mg] can be
regarded as the first indicator of the stellar rotation of the PISN progenitor.
Through comparing our theoretical abundances with big sample of surface abundances of MP stars compiled in
the SAGA database, we have demonstrated that no PISN-MP star is included in the currently observed MP stars.
Moreover, we have concluded that a VMP star SDSS J0018-0939 is not a PISN-MP star because of the inconsistencies
in the abundance pattern, especially the low calcium abundance and the high sodium, aluminum, and vanadium
abundances. This result might be already problematic for the theoretical prediction that ∼ 25% of first stars in
number will explode as a PISN and thus ∼ 1/400 of MP stars with [Ca/H] < −2 are PISN-MP stars.
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Figure 14. Same as Fig. 13 but for [Al/Mg] versus [Si/Mg]. The typical errors of ±0.2 dex for [Al/Mg] and [Si/Mg] are shown by the
purple cross. Stars in the orange box are selected for the comparison with theoretical yields.
One possible explanation for the none detection discussed in the literature is that the observational bias towards
the low calcium abundance in the MP stellar sample. If a PISN-MP star has a metallicity of Z = 10−3Z, which
may be a reasonable estimate of the metal contents of a second generation star (e.g., Wise & Abel 2008; Greif et al.
2010), and if ∼ 1–3% of the total metal in mass is calcium, which is derived from our calculation, the corresponding
calcium abundance becomes [Ca/H] = −2.34–−1.86. Therefore the PISN-MP star is actually an order-of-magnitude
calcium-richer than the majority of EMP stars, which have [Fe/H] < −3 in definition and thus [Ca/H] . −3. In our
sample, 541 stars are included in the range of [Ca/H] = −2.4–−1.8, and the number reduces to 237, if we require the
[Na/Mg] data in addition. Probably the number is too small to detect the PISN-MP star.
Another possible reason is the overestimate in number fraction of PISN progenitors in the first stars. For this aspect,
fragmentation of the star-forming gas cloud will be the most important physics missing in the work by Hirano et al.
(2014, 2015). Gas fragmentation induces the formation of a binary and multiple-star system, and there are some
reasons to expect smaller mass stars are formed in such a system (see discussions in Hirano et al. 2014). Because there
are more sinks of gas than in a single system, a total accreted gas onto one star will be reduced. Besides, with a smaller
mass accretion rate in a multiple-star system, the Kelvin-Helmholtz contraction begins at an earlier phase in which
the proto-stellar mass is still small. Since gas accretion onto the proto-star is prohibited after the star starts to radiate
UV photons, the early Kelvin-Helmholtz contraction limits the stellar mass to be small. Therefore, by considering the
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Figure 15. The abundance pattern of #23 CS22942-011. Red thick crosses show observed values, while PISN abundances obtained
from non-rotating models are shown by thin lines.
fragmentation in the first star formation, the peak mass in the initial mass distribution will be shifted to the lower
side, as well as the total number of the low mass first stars increases. These effects can reduce the number fraction of
PISN progenitors in the first stars. It is noteworthy that the high fraction of being a binary or multiple-star system
at its birth has been observationally proven for massive OB stars in the local universe (e.g. Sana et al. 2012). It may
be reasonable to assume the similar frequency to the first stars, since forming the binary system is the simplest way
to get rid of the high specific angular momentum of the star-forming gas cloud.
Finally, it is important to examine the reliability of the theory of evolution and explosion of the PISN progenitor.
Let us consider the most simple case first: is it robust to estimate that a non-rotating massive first star forms a CO
core of about a half of its initial mass?
As far as the static evolution of a star is considered, the one-dimensional stellar structure will be determined as
a solution of 4th order ordinary differential equations, in which time evolution is expressed through time-evolving
chemical and entropy profiles. In the radiative (non-convective) layers, matter mixing will be negligible and the
radiative transfer to determine the entropy profile will be well approximated by a diffusion equation. Then the first
uncertainty will be incorporated in the treatment of stellar convection. Although the current understanding of stellar
convection is poor, it seems that there is no significant uncertainty that affects the formation of a massive CO core.
Because the lifetime of the core burning phase in both cases is much longer than the timescale of convective mixing,
and because the efficiency of heat transfer by the convective mixing will be sufficiently high, it is reasonable to assume
the constant chemical and entropy profiles inside the convective core. Hence the only remaining uncertainty is the
convective criterion. In fact, there is a long-standing question on which convective criterion of the Schwartzschild or
the Ledoux criterions describe stellar convection. However, this uncertainty will not be so much affective to change the
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Figure 16. The abundance pattern of #72 SDSS J0018-0939. Red thick crosses show observed values, while PISN abundances obtained
from non-rotating models are shown by thin lines.
current prediction qualitatively. Convective overshoot can increase the CO core mass, and conversely strong magnetic
field, which may not exist in a first generation star though, may suppress core growth (Petermann et al. 2015). However
they only shift the core mass to the initial mass relation and existence of a massive CO core does not change. After
all, chemical and entropy structures, and thus the overall stellar structures and evolution until core carbon burning,
will be well described by the present evolutionary calculations.
Another important assumption here is that the wind mass loss of a massive first star is ineffective. This will be
a reasonable assumption since the line driven wind, which potentially explains the heavy wind mass loss of OB and
WR stars in the local universe, will not act on the metal-free surface of the massive first star. Surface metal pollution
by rotational mixing has been proposed to trigger the line driven wind during main sequence phase. However, some
negative results have been obtained by different authors: the dredge-up during main sequence phase is not so efficient
(Ekstro¨m et al. 2008a) and moreover the efficiency of wind acceleration by the CNO elements are too weak to drive
an efficient wind (Krticˇka & Kuba´t 2009). Although some mechanisms, such as the vibrational instability (Baraffe
et al. 2001; Sonoi & Umeda 2012; Moriya & Langer 2015), may trigger a mass loss from a Pop III red-giant envelope,
this only strips the envelope of the star and the CO core will keep its mass. Therefore it will be reasonable to assume
that at least a massive CO core can be formed in a massive first star and furthermore a total mass of a massive first
star will be nearly conserved during its evolution. The remaining possibility may be an interplay between a large
luminosity near the Eddington limit and a fast rotation near the Keplerian value. A 150 M exploratory model in
Ekstro¨m et al. (2008b) indeed loses significant mass of ∼ 50 M due to the Ω−Γ limit during the post-main-sequence
phase. However, such a highly effective mass loss has not taken place in fast rotating models in Yoon et al. (2012).
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Table 5. Stellar sample
# Object [Fe/H] [Na/Mg] [Al/Mg] [Si/Mg] [Ca/Mg] [Sc/Mg] [Zn/Fe] Reference
1 BD-01 2582 -2.62 -0.27 -1.16 0.32 0.00 -0.54 0.33 1.
2 BS16085-0050 -2.91 - -1.14 0.32 -0.23 -0.31 - Honda et al. (2004)
3 BS16928-053 -3.07 -0.15 -1.15 0.93 -0.04 -0.41 - Lai et al. (2008)
4 CS22180-014 -2.86 -0.54 -1.26 0.22 -0.02 -0.51 < -2.12 1.
5 CS22183-031 -3.57 - -1.35 0.32 -0.03 -0.66 0.67 1.
6 CS22186-002 -2.72 -0.52 -1.14 0.29 0.11 -0.39 0.23 1.
7 CS22189-009 -3.92 -0.54 -1.24 0.40 -0.06 -0.63 0.36 1.
8 CS22877-011 -3.23 - -1.26 0.40 -0.06 -0.34 0.28 1.
9 CS22878-101 -3.53 - -1.19 0.22 -0.11 -0.65 0.62 2.
10 CS22879-103 -2.16 - -1.12 0.23 -0.06 -0.48 0.38 2.
11 CS22886-044 -1.86 - -1.29 0.33 0.14 -0.25 0.09 1.
12 CS22888-002 -2.93 - -1.26 0.40 0.05 -0.51 < -2.13 1.
13 CS22891-200 -4.06 - -1.19 0.23 -0.05 -1.09 < -3.19 1.
14 CS22893-005 -2.99 -0.56 -1.05 0.27 -0.01 -0.47 < -2.48 1.
15 CS22894-019 -2.98 - -1.13 0.33 0.02 -0.33 < -1.43 2.
16 CS22894-049 -2.84 - -1.14 0.31 0.02 -0.36 < -2.13 1.
17 CS22896-015 -2.85 -0.57 -1.20 0.25 -0.03 -0.47 0.13 1.
18 CS22896-110 -2.85 - -1.13 0.27 -0.03 -0.57 0.22 1.
19 CS22896-136 -2.41 - -1.02 0.29 0.18 -0.36 0.27 1.
20 CS22898-047 -3.51 - -1.25 0.28 -0.02 -0.71 0.66 1.
21 CS22941-017 -3.11 -0.57 -1.19 0.28 -0.06 -0.44 0.24 2.
22 CS22942-002 -3.61 - -1.31 0.26 -0.16 -0.62 0.53 1.
23 CS22942-011 -2.88 -0.45 -1.22 0.45 -0.10 -0.49 0.30 1.
24 CS22943-095 -2.52 - -1.12 0.28 0.11 -0.31 0.42 2.
25 CS22943-132 -2.63 - -1.17 0.24 -0.03 0.24 0.04 2.
26 CS22944-032 -3.22 - -1.36 0.30 -0.09 -0.59 0.30 1.
27 CS22945-028 -2.92 -0.56 -1.14 0.34 -0.04 -0.64 0.17 1.
28 CS22947-187 -2.58 -0.40 -1.14 0.24 -0.05 -0.45 0.27 1.
29 CS22949-048 -3.55 - -1.20 0.40 -0.02 -0.51 0.88 1.
30 CS22950-046 -4.12 - -1.21 0.50 -0.09 -0.69 < -3.23 1.
31 CS22951-059 -2.84 - -1.11 0.37 -0.01 -0.14 0.22 2.
32 CS22953-003 -3.13 -0.42 -1.19 0.55 -0.06 -0.62 0.37 1.
33 CS22956-050 -3.67 - -1.24 0.49 -0.03 -0.85 0.59 1.
34 CS22956-062 -2.75 -0.69 -1.24 0.25 -0.05 -0.74 < -2.19 1.
35 CS22956-114 -3.19 - -1.13 0.20 0.02 -0.51 < -2.48 1.
36 CS22957-019 -2.43 - -1.12 0.29 0.12 -0.20 0.14 2.
37 CS22957-022 -3.28 - -1.09 0.34 -0.06 -0.56 0.44 1.
38 CS22958-083 -3.05 -0.52 -1.03 0.69 -0.18 -0.69 0.67 1.
39 CS22968-029 -3.10 - -1.10 0.62 0.03 -0.56 < -2.17 2.
40 CS29502-092 -2.76 -0.27 -1.10 0.53 -0.06 -0.35 -0.10 2.
41 CS29517-042 -2.53 - -1.08 0.31 0.14 -0.26 0.25 1.
42 CS30312-059 -3.41 - -1.28 0.45 -0.05 -0.67 0.49 1.
43 CS30325-094 -3.17 - -1.15 0.38 -0.18 -0.21 0.51 Aoki et al. (2005)
44 CS30339-073 -3.93 -0.38 -1.26 0.37 -0.08 -0.66 < -2.74 1.
45 G25-24 -2.11 - -1.31 0.14 0.02 -0.43 -0.11 1.
46 HD110184 -2.52 - -1.03 0.30 0.10 -0.25 0.06 Honda et al. (2004), Roederer et al. (2010)
47 HD126587 -3.29 -0.55 -1.15 0.23 -0.08 -0.59 0.43 1.
48 HD175606 -2.39 -0.40 -1.04 0.20 0.16 -0.26 0.37 1.
49 HE0048-6408 -3.75 -0.39 -1.45 0.17 -0.16 -0.65 - Placco et al. (2014)
50 HE0056-3022 -3.77 -0.35 -1.26 0.41 -0.06 -0.75 0.49 1.
Notes. References are: 1. Roederer et al. (2014b), 2. Roederer et al. (2014a), and 3. Jacobson et al. (2015).
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Table 6. Stellar sample
# Object [Fe/H] [Na/Mg] [Al/Mg] [Si/Mg] [Ca/Mg] [Sc/Mg] [Zn/Fe] Reference
51 HE0057-4541 -2.36 - -1.08 0.31 -0.10 -0.37 - Siqueira Mello et al. (2014)
52 HE0105-6141 -2.58 - -1.07 0.31 0.01 -0.20 - Siqueira Mello et al. (2014)
53 HE0109-4510 -2.96 -0.39 -1.20 0.45 -0.03 -0.22 < -2.16 Hansen et al. (2015)
54 HE0302-3417A -3.70 - -1.37 0.50 -0.09 -0.51 0.42 Hollek et al. (2011)
55 HE1320-2952 -3.69 -0.31 -1.00 0.28 -0.09 -0.42 - Yong et al. (2013a)
56 HE2302-2154A -3.88 - -1.30 0.26 0.01 -0.50 0.70 Hollek et al. (2011)
57 SDSSJ082511+163459 -3.22 - -1.00 0.23 0.19 - - Caffau et al. (2011)
58 SMSSJ0106-5244 -3.79 -0.27 -1.16 0.37 -0.10 -0.75 - 3.
59 SMSSJ0224-5346 -3.40 0.18 -1.01 0.38 -0.32 -0.59 - 3.
60 SMSSJ0342-2842 -2.33 -0.12 -1.25 0.31 0.01 -0.42 -0.33 3.
61 SMSSJ0617-6007 -2.72 0.02 -1.04 0.36 -0.05 -0.59 0.12 3.
62 SMSSJ0702-6004 -2.62 0.15 -1.04 0.27 -0.10 -0.72 0.20 3.
63 SMSSJ1358-1509 -2.58 0.08 -1.06 0.62 0.03 -0.48 - 3.
64 SMSSJ1511-1821 -2.71 - -1.24 0.36 -0.05 -0.47 - 3.
65 SMSSJ1750-4146 -2.76 0.03 -1.23 0.34 0.03 -0.58 - 3.
66 SMSSJ1757-4548 -2.46 -0.11 -1.09 0.25 -0.06 -0.57 - 3.
67 SMSSJ1832-3434 -3.00 -0.03 -1.07 0.28 -0.08 -0.72 - 3.
68 SMSSJ1905-2149 -3.11 0.00 -1.19 0.43 0.01 -0.48 - 3.
69 SMSSJ1944-7205 -2.43 -0.07 -1.24 0.42 -0.04 -0.76 0.11 3.
70 SMSSJ2002-5331 -3.22 0.06 -1.48 0.24 -0.30 -0.37 0.71 3.
71 SMSSJ2158-6513 -3.41 1.33 -1.41 0.49 0.07 -0.60 - 3.
Aoki star
72 SDSSJ0018-0939 -2.46 -0.39 0.00 0.29 0.43 < -0.20 < 1.39 Aoki et al. (2014)
Notes. References are: 1. Roederer et al. (2014b), 2. Roederer et al. (2014a), and 3. Jacobson et al. (2015).
Further investigation on the enhancement of the Ω− Γ limit and mass loss rate of WR surface with an extremely low
metallicity will be needed to draw a conclusion.
After the formation of a massive CO core, the core collapses due to the hydrodynamical instability of the electron-
positron pair creation. The only assumption of this instability is the fast enough reactions of creation and annihilation
of electron-position pairs, which will be robust for the high density stellar environment. In the collapsing core, carbon,
neon, and oxygen are burnt to heat the surroundings. Probably the reaction rates have big uncertainties. However,
the total rest mass energy emitted through the reactions should be determinate, and therefore the final fate of the
explosion will be robust.
Although multi-dimensionality during the explosion may affect the explosion, strong convection does not arise in
the collapsing massive CO core unlike in the case of a core-collapse supernova. This is because the core collapse and
the following expansion in a PISN take place with a dynamical timescale, and this is too short to develop a strong
convection, which requires a time at least several times of the dynamical time. Multi-dimensional simulations resolve
a growing instability at the core edge region (Chatzopoulos et al. 2013b; Chen et al. 2014; Gilmer et al. 2017), however
this instability sets in as a result of the explosion and does not affect the explosion itself. Another possibility is a fast
rotation of a CO core at its collapse. As we have demonstrated in this work, if there is no effective angular momentum
transport during core helium burning phase, the remaining angular momentum in the CO core can be sufficiently large
to support the core by the centrifugal force during the core collapse. Moreover, the rotating flow may create a strong
shear during the collapse, which may develop an instability to mix a fresh nuclear fuel into the core center. Both
effects will reduce the energy of the explosion. Therefore, by considering the fast rotation of the massive CO core, it is
possible to expect that the initial mass range for PISN with incomplete mass ejection, i.e., so-called pulsational-PISN,
to be extended to more massive side. This can reduce the possibility to have a PISN in the early universe.
In conclusion, PISN is an inevitable fate in first stars under a current understanding of stellar evolution. Therefore,
a PISN-MP stars will be found from a future survey, in which sufficient number of mildly calcium rich and extremely
sodium poor MP stars are observed. Not only PISN but also pulsational-PISN is a highly possible fate for massive first
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stars in the early universe. We have shown that a massive first star with a dense envelope tends to eject only outer part
of the star during the explosion. A fast rotating CO core may also end up in the incomplete explosion. So far, explosive
yields of pulsational-PISNe have not been investigated in detail. This will be an important next step for the future work.
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Figure 17. The same as Fig.15 but for MP stars of #1–6.
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A. PISN YIELDS
B. COMPARISON OF METAL-POOR STELLAR ABUNDANCES WITH PISN YIELDS
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Table 7. PISN Yields of the non-rotating models
Element Yield Element Yield Element Yield Element Yield Element Yield
Mini = 180 M
p 4.408E+01 d 4.326E-14 3He 4.128E-04 4He 5.298E+01 6Li 1.065E-09
7Li 5.751E-11 9Be 5.553E-20 10B 5.179E-15 11B 2.037E-10 12C 3.187E+00
13C 8.841E-06 14N 1.179E-04 15N 6.491E-05 16O 5.213E+01 17O 4.313E-05
18O 1.323E-07 19F 3.463E-07 20Ne 3.036E+00 21Ne 6.076E-05 22Ne 4.131E-05
23Na 5.458E-03 24Mg 3.066E+00 25Mg 1.710E-03 26Mg 3.837E-03 27Al 1.870E-02
28Si 1.167E+01 29Si 2.540E-02 30Si 3.448E-03 31P 3.976E-03 32S 7.452E+00
33S 8.817E-03 34S 3.837E-03 36S 6.787E-09 35Cl 7.523E-04 37Cl 1.116E-03
36Ar 1.544E+00 38Ar 4.185E-03 40Ar 7.495E-11 39K 1.375E-03 40K 3.227E-10
41K 3.425E-04 40Ca 1.765E+00 42Ca 1.126E-04 43Ca 4.321E-08 44Ca 5.288E-04
46Ca 7.655E-14 48Ca 2.888E-13 45Sc 1.293E-05 46Ti 6.396E-05 47Ti 6.855E-07
48Ti 2.807E-03 49Ti 1.553E-04 50Ti 2.117E-11 50V 9.132E-11 51V 1.221E-04
50Cr 5.442E-04 52Cr 2.746E-02 53Cr 4.673E-11 54Cr 3.271E-09 55Mn 6.986E-03
54Fe 6.934E-02 56Fe 5.679E-01 57Fe 4.040E-03 58Fe 8.175E-09 59Co 7.082E-06
58Ni 6.302E-03 60Ni 6.996E-06 61Ni 8.461E-10 62Ni 3.849E-10 64Ni 2.752E-17
63Cu 3.049E-12 65Cu 3.630E-15 64Zn 1.447E-11 66Zn 1.405E-15 67Zn 1.010E-18
68Zn 2.903E-18 70Zn 2.050E-29 69Ga 2.994E-21 71Ga 6.556E-25 70Ge 1.010E-20
72Ge 2.456E-24 73Ge 1.903E-26 74Ge 9.739E-30 75As 1.423E-27 74Se 6.789E-25
76Se 6.464E-27 77Se 1.083E-29 78Se 1.142E-30 79Br 2.851E-31
Mini = 200 M
p 4.905E+01 d 5.206E-14 3He 4.580E-04 4He 6.034E+01 6Li 1.346E-09
7Li 5.218E-10 9Be 7.873E-20 10B 1.228E-14 11B 7.090E-10 12C 2.735E+00
13C 2.350E-06 14N 6.605E-05 15N 2.362E-05 16O 5.220E+01 17O 4.395E-06
18O 9.190E-08 19F 1.095E-07 20Ne 2.873E+00 21Ne 5.266E-05 22Ne 3.629E-05
23Na 5.245E-03 24Mg 3.139E+00 25Mg 1.434E-03 26Mg 3.644E-03 27Al 1.750E-02
28Si 1.515E+01 29Si 2.688E-02 30Si 3.546E-03 31P 4.438E-03 32S 1.027E+01
33S 9.762E-03 34S 2.422E-03 36S 6.027E-09 35Cl 7.286E-04 37Cl 1.220E-03
36Ar 2.136E+00 38Ar 2.237E-03 40Ar 7.184E-11 39K 9.906E-04 40K 2.474E-10
41K 3.782E-04 40Ca 2.466E+00 42Ca 5.885E-05 43Ca 2.552E-08 44Ca 7.651E-04
46Ca 1.671E-13 48Ca 2.384E-13 45Sc 1.445E-05 46Ti 3.939E-05 47Ti 8.530E-07
48Ti 6.003E-03 49Ti 2.602E-04 50Ti 2.183E-11 50V 5.039E-11 51V 2.043E-04
50Cr 5.664E-04 52Cr 6.233E-02 53Cr 2.447E-11 54Cr 1.779E-09 55Mn 1.173E-02
54Fe 8.171E-02 56Fe 1.264E+00 57Fe 7.284E-03 58Fe 7.980E-09 59Co 9.996E-06
58Ni 8.389E-03 60Ni 7.205E-06 61Ni 1.041E-09 62Ni 5.113E-10 64Ni 3.738E-17
63Cu 5.185E-12 65Cu 5.587E-15 64Zn 1.860E-11 66Zn 1.939E-15 67Zn 1.772E-18
68Zn 5.668E-18 70Zn 4.251E-29 69Ga 8.334E-21 71Ga 2.716E-24 70Ge 2.572E-20
72Ge 8.744E-24 73Ge 1.220E-25 74Ge 5.744E-29 75As 1.037E-26 74Se 3.053E-24
76Se 4.456E-26 77Se 1.185E-28 78Se 9.233E-30 79Br 3.956E-30
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Table 8. PISN Yields of the non-rotating models
Element Yield Element Yield Element Yield Element Yield Element Yield
Mini = 220 M
p 5.297E+01 d 9.782E-16 3He 5.044E-04 4He 6.509E+01 6Li 1.487E-09
7Li 3.479E-10 9Be 2.964E-23 10B 9.798E-19 11B 2.227E-11 12C 1.995E+00
13C 6.065E-06 14N 9.708E-05 15N 5.945E-05 16O 4.736E+01 17O 1.117E-04
18O 9.165E-08 19F 2.658E-07 20Ne 2.392E+00 21Ne 2.879E-05 22Ne 3.392E-05
23Na 4.791E-03 24Mg 2.892E+00 25Mg 1.155E-03 26Mg 3.202E-03 27Al 1.422E-02
28Si 2.022E+01 29Si 2.220E-02 30Si 2.379E-03 31P 3.182E-03 32S 1.506E+01
33S 9.762E-03 34S 1.095E-03 36S 4.175E-09 35Cl 2.741E-03 37Cl 1.313E-03
36Ar 3.242E+00 38Ar 6.885E-04 40Ar 2.461E-10 39K 1.412E-03 40K 1.435E-09
41K 3.794E-04 40Ca 3.737E+00 42Ca 1.899E-05 43Ca 3.624E-06 44Ca 1.249E-03
46Ca 8.713E-14 48Ca 1.778E-13 45Sc 1.597E-05 46Ti 1.518E-05 47Ti 1.067E-06
48Ti 1.667E-02 49Ti 5.225E-04 50Ti 2.619E-11 50V 1.650E-11 51V 4.530E-04
50Cr 6.813E-04 52Cr 2.587E-01 53Cr 1.615E-11 54Cr 6.245E-10 55Mn 3.403E-02
54Fe 1.397E-01 56Fe 6.508E+00 57Fe 2.837E-02 58Fe 5.066E-09 59Co 1.311E-05
58Ni 1.751E-02 60Ni 5.010E-06 61Ni 1.168E-09 62Ni 1.657E-09 64Ni 3.468E-17
63Cu 1.303E-11 65Cu 9.080E-15 64Zn 2.347E-11 66Zn 2.328E-15 67Zn 6.669E-18
68Zn 2.570E-17 70Zn 4.616E-29 69Ga 8.796E-20 71Ga 2.716E-23 70Ge 1.273E-19
72Ge 1.088E-22 73Ge 3.698E-24 74Ge 3.978E-28 75As 1.539E-25 74Se 3.973E-23
76Se 4.813E-25 77Se 8.222E-27 78Se 6.947E-29 79Br 1.200E-28
Mini = 240 M
p 5.712E+01 d 5.318E-14 3He 5.526E-04 4He 7.220E+01 6Li 1.632E-09
7Li 6.881E-10 9Be 2.633E-20 10B 5.151E-15 11B 2.658E-10 12C 1.916E+00
13C 3.366E-06 14N 4.867E-05 15N 2.444E-05 16O 4.549E+01 17O 1.377E-06
18O 4.676E-08 19F 1.152E-07 20Ne 2.477E+00 21Ne 2.379E-05 22Ne 3.238E-05
23Na 4.470E-03 24Mg 2.918E+00 25Mg 1.041E-03 26Mg 2.993E-03 27Al 1.337E-02
28Si 2.203E+01 29Si 2.057E-02 30Si 2.395E-03 31P 3.140E-03 32S 1.678E+01
33S 9.349E-03 34S 8.008E-04 36S 2.525E-09 35Cl 3.526E-03 37Cl 1.300E-03
36Ar 3.704E+00 38Ar 3.749E-04 40Ar 2.627E-10 39K 3.356E-03 40K 2.430E-09
41K 3.760E-04 40Ca 4.259E+00 42Ca 2.040E-05 43Ca 2.022E-05 44Ca 1.503E-03
46Ca 9.004E-14 48Ca 1.975E-13 45Sc 1.664E-05 46Ti 8.986E-06 47Ti 1.216E-06
48Ti 2.172E-02 49Ti 6.228E-04 50Ti 2.448E-11 50V 8.710E-12 51V 5.134E-04
50Cr 6.368E-04 52Cr 3.610E-01 53Cr 1.402E-11 54Cr 3.608E-10 55Mn 4.202E-02
54Fe 1.442E-01 56Fe 1.254E+01 57Fe 8.931E-02 58Fe 3.389E-09 59Co 9.443E-04
58Ni 9.086E-02 60Ni 2.360E-02 61Ni 8.247E-04 62Ni 4.654E-03 64Ni 1.613E-15
63Cu 1.847E-06 65Cu 2.439E-06 64Zn 1.861E-05 66Zn 3.294E-05 67Zn 2.638E-08
68Zn 6.209E-09 70Zn 1.093E-28 69Ga 2.504E-09 71Ga 1.940E-10 70Ge 6.648E-08
72Ge 9.794E-11 73Ge 1.962E-13 74Ge 6.135E-26 75As 6.869E-16 74Se 1.942E-14
76Se 6.690E-19 77Se 2.337E-22 78Se 3.754E-27 79Br 2.192E-28
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Table 9. PISN Yields of the non-rotating models
Element Yield Element Yield Element Yield Element Yield Element Yield
Mini = 260 M
p 6.123E+01 d 9.960E-14 3He 5.995E-04 4He 8.125E+01 6Li 1.771E-09
7Li 6.023E-10 9Be 3.690E-20 10B 1.752E-14 11B 1.013E-10 12C 1.678E+00
13C 4.880E-06 14N 5.207E-05 15N 3.317E-05 16O 4.299E+01 17O 4.533E-06
18O 3.935E-08 19F 1.376E-07 20Ne 2.251E+00 21Ne 2.099E-05 22Ne 3.096E-05
23Na 4.149E-03 24Mg 2.790E+00 25Mg 9.489E-04 26Mg 2.766E-03 27Al 1.231E-02
28Si 2.260E+01 29Si 1.871E-02 30Si 2.156E-03 31P 2.911E-03 32S 1.740E+01
33S 8.585E-03 34S 6.237E-04 36S 1.982E-09 35Cl 2.974E-03 37Cl 1.194E-03
36Ar 3.871E+00 38Ar 2.270E-04 40Ar 2.375E-10 39K 3.059E-03 40K 2.326E-09
41K 3.477E-04 40Ca 4.480E+00 42Ca 1.701E-05 43Ca 2.101E-05 44Ca 1.829E-03
46Ca 8.140E-14 48Ca 1.876E-13 45Sc 1.644E-05 46Ti 5.744E-06 47Ti 2.100E-06
48Ti 2.537E-02 49Ti 6.828E-04 50Ti 2.183E-11 50V 5.269E-12 51V 5.240E-04
50Cr 5.679E-04 52Cr 4.303E-01 53Cr 1.288E-11 54Cr 2.362E-10 55Mn 4.367E-02
54Fe 1.319E-01 56Fe 2.065E+01 57Fe 2.118E-01 58Fe 2.231E-09 59Co 3.499E-03
58Ni 2.424E-01 60Ni 9.946E-02 61Ni 3.536E-03 62Ni 2.105E-02 64Ni 6.512E-15
63Cu 8.496E-06 65Cu 1.268E-05 64Zn 1.011E-04 66Zn 1.870E-04 67Zn 1.523E-07
68Zn 4.072E-08 70Zn 1.182E-27 69Ga 1.661E-08 71Ga 1.383E-09 70Ge 4.634E-07
72Ge 7.994E-10 73Ge 1.687E-12 74Ge 9.360E-25 75As 6.839E-15 74Se 1.659E-13
76Se 6.836E-18 77Se 3.108E-21 78Se 6.214E-26 79Br 5.074E-28
Mini = 280 M
p 6.555E+01 d 8.648E-16 3He 6.481E-04 4He 8.425E+01 6Li 1.907E-09
7Li 5.437E-10 9Be 1.481E-23 10B 1.208E-19 11B 1.420E-11 12C 1.128E+00
13C 1.956E-06 14N 4.159E-05 15N 2.570E-05 16O 3.121E+01 17O 3.336E-05
18O 4.652E-08 19F 9.030E-08 20Ne 1.637E+00 21Ne 2.187E-05 22Ne 4.119E-05
23Na 3.466E-03 24Mg 2.273E+00 25Mg 8.881E-04 26Mg 2.274E-03 27Al 1.004E-02
28Si 2.056E+01 29Si 1.362E-02 30Si 1.944E-03 31P 2.635E-03 32S 1.603E+01
33S 6.354E-03 34S 5.123E-04 36S 2.157E-09 35Cl 2.429E-03 37Cl 9.156E-04
36Ar 3.828E+00 38Ar 1.496E-04 40Ar 6.505E-10 39K 1.541E-02 40K 7.960E-09
41K 2.932E-04 40Ca 4.508E+00 42Ca 1.356E-04 43Ca 2.581E-04 44Ca 8.639E-03
46Ca 8.025E-14 48Ca 4.161E-14 45Sc 2.370E-05 46Ti 4.820E-06 47Ti 2.146E-05
48Ti 3.056E-02 49Ti 6.976E-04 50Ti 1.779E-11 50V 1.722E-11 51V 5.117E-04
50Cr 4.629E-04 52Cr 4.867E-01 53Cr 9.886E-12 54Cr 1.170E-10 55Mn 4.377E-02
54Fe 1.155E-01 56Fe 4.768E+01 57Fe 8.465E-01 58Fe 1.259E-09 59Co 2.105E-02
58Ni 1.706E+00 60Ni 4.712E-01 61Ni 1.875E-02 62Ni 1.832E-01 64Ni 4.826E-14
63Cu 8.293E-05 65Cu 8.345E-05 64Zn 5.648E-04 66Zn 1.868E-03 67Zn 1.745E-06
68Zn 3.833E-07 70Zn 9.914E-26 69Ga 1.214E-07 71Ga 1.763E-08 70Ge 5.489E-06
72Ge 1.832E-08 73Ge 2.840E-11 74Ge 5.202E-23 75As 3.078E-13 74Se 2.936E-12
76Se 3.224E-16 77Se 4.881E-19 78Se 1.600E-23 79Br 8.597E-26
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Table 10. PISN Yields of the non-magnetic rotating models
Element Yield Element Yield Element Yield Element Yield Element Yield
Mini = 160 M
p 3.648E+01 d 4.307E-15 3He 7.438E-05 4He 5.064E+01 6Li 7.866E-18
7Li 3.278E-08 9Be 2.182E-20 10B 3.307E-18 11B 2.168E-11 12C 4.208E+00
13C 7.259E-03 14N 7.656E-01 15N 8.942E-04 16O 5.303E+01 17O 1.034E-03
18O 1.453E-06 19F 1.420E-07 20Ne 3.115E+00 21Ne 7.586E-05 22Ne 5.043E-05
23Na 5.050E-03 24Mg 2.544E+00 25Mg 1.594E-03 26Mg 3.696E-03 27Al 2.040E-02
28Si 5.981E+00 29Si 2.281E-02 30Si 5.138E-03 31P 4.981E-03 32S 3.202E+00
33S 6.966E-03 34S 7.616E-03 36S 2.000E-08 35Cl 9.027E-04 37Cl 8.278E-04
36Ar 6.297E-01 38Ar 7.783E-03 40Ar 1.539E-10 39K 1.628E-03 40K 4.073E-10
41K 2.459E-04 40Ca 6.949E-01 42Ca 2.182E-04 43Ca 6.646E-08 44Ca 1.947E-04
46Ca 4.022E-14 48Ca 6.980E-21 45Sc 8.377E-06 46Ti 1.077E-04 47Ti 3.594E-07
48Ti 2.459E-04 49Ti 2.817E-05 50Ti 1.480E-11 50V 1.897E-10 51V 1.436E-05
50Cr 3.532E-04 52Cr 1.059E-03 53Cr 1.126E-10 54Cr 6.132E-09 55Mn 7.956E-04
54Fe 2.325E-02 56Fe 2.510E-02 57Fe 4.136E-04 58Fe 7.281E-09 59Co 4.093E-06
58Ni 2.224E-03 60Ni 6.234E-06 61Ni 5.802E-10 62Ni 1.608E-10 64Ni 1.957E-17
63Cu 1.793E-12 65Cu 2.021E-15 64Zn 1.018E-11 66Zn 1.080E-15 67Zn 5.847E-19
68Zn 1.289E-18 70Zn 5.817E-30 69Ga 9.778E-22 71Ga 1.759E-25 70Ge 4.754E-21
72Ge 5.882E-25 73Ge 3.450E-27 74Ge 1.239E-30 75As 1.894E-28 74Se 1.675E-25
76Se 7.630E-28 77Se 1.063E-30 78Se 8.017E-32 79Br 1.415E-32
Mini = 180 M
p 4.066E+01 d 3.385E-15 3He 9.025E-05 4He 5.627E+01 6Li 3.223E-17
7Li 3.373E-08 9Be 1.606E-19 10B 1.618E-15 11B 3.039E-10 12C 3.788E+00
13C 8.711E-03 14N 9.218E-01 15N 1.033E-03 16O 4.900E+01 17O 1.187E-03
18O 9.988E-06 19F 3.881E-07 20Ne 3.529E+00 21Ne 5.294E-05 22Ne 4.581E-05
23Na 4.709E-03 24Mg 2.619E+00 25Mg 1.192E-03 26Mg 3.132E-03 27Al 1.465E-02
28Si 1.210E+01 29Si 2.198E-02 30Si 2.282E-03 31P 2.777E-03 32S 8.111E+00
33S 8.157E-03 34S 1.723E-03 36S 2.989E-09 35Cl 5.022E-04 37Cl 1.048E-03
36Ar 1.698E+00 38Ar 1.954E-03 40Ar 4.562E-11 39K 8.991E-04 40K 2.055E-10
41K 3.208E-04 40Ca 1.934E+00 42Ca 5.200E-05 43Ca 2.240E-08 44Ca 6.211E-04
46Ca 3.014E-15 48Ca 2.444E-20 45Sc 1.237E-05 46Ti 3.426E-05 47Ti 6.823E-07
48Ti 4.190E-03 49Ti 1.932E-04 50Ti 1.635E-11 50V 4.220E-11 51V 1.416E-04
50Cr 4.241E-04 52Cr 4.003E-02 53Cr 1.935E-11 54Cr 1.599E-09 55Mn 7.902E-03
54Fe 5.742E-02 56Fe 7.963E-01 57Fe 4.849E-03 58Fe 6.751E-09 59Co 7.770E-06
58Ni 6.064E-03 60Ni 5.787E-06 61Ni 8.543E-10 62Ni 3.989E-10 64Ni 3.615E-17
63Cu 4.235E-12 65Cu 5.071E-15 64Zn 1.566E-11 66Zn 1.907E-15 67Zn 1.853E-18
68Zn 5.318E-18 70Zn 2.561E-28 69Ga 1.070E-20 71Ga 4.565E-24 70Ge 3.388E-20
72Ge 1.264E-23 73Ge 2.510E-25 74Ge 1.213E-28 75As 2.122E-26 74Se 5.052E-24
76Se 8.890E-26 77Se 3.012E-28 78Se 2.001E-29 79Br 1.043E-29
AASTEX Stellar Yields of Rotating First Stars. II. 35
Table 11. PISN Yields of the non-magnetic rotating models
Element Yield Element Yield Element Yield Element Yield Element Yield
Mini = 200 M
p 4.453E+01 d 7.548E-15 3He 1.071E-04 4He 6.166E+01 6Li 5.952E-17
7Li 4.522E-08 9Be 3.701E-19 10B 9.210E-16 11B 1.699E-11 12C 3.015E+00
13C 1.122E-02 14N 1.194E+00 15N 1.324E-03 16O 4.584E+01 17O 1.575E-03
18O 2.046E-06 19F 1.313E-07 20Ne 3.058E+00 21Ne 4.225E-05 22Ne 3.947E-05
23Na 4.205E-03 24Mg 2.391E+00 25Mg 9.374E-04 26Mg 2.667E-03 27Al 1.167E-02
28Si 1.714E+01 29Si 1.842E-02 30Si 1.586E-03 31P 1.863E-03 32S 1.251E+01
33S 7.796E-03 34S 4.977E-04 36S 9.639E-10 35Cl 2.454E-04 37Cl 1.060E-03
36Ar 2.689E+00 38Ar 3.822E-04 40Ar 2.452E-11 39K 3.730E-04 40K 8.104E-11
41K 3.269E-04 40Ca 3.087E+00 42Ca 1.013E-05 43Ca 7.816E-09 44Ca 1.064E-03
46Ca 7.578E-16 48Ca 2.431E-23 45Sc 1.404E-05 46Ti 1.144E-05 47Ti 9.049E-07
48Ti 1.313E-02 49Ti 4.252E-04 50Ti 2.037E-11 50V 1.127E-11 51V 3.509E-04
50Cr 5.298E-04 52Cr 1.878E-01 53Cr 9.259E-12 54Cr 4.439E-10 55Mn 2.361E-02
54Fe 9.706E-02 56Fe 4.267E+00 57Fe 1.861E-02 58Fe 4.078E-09 59Co 1.087E-05
58Ni 1.195E-02 60Ni 3.953E-06 61Ni 9.832E-10 62Ni 1.031E-09 64Ni 2.945E-17
63Cu 1.259E-11 65Cu 9.207E-15 64Zn 2.209E-11 66Zn 2.080E-15 67Zn 8.714E-18
68Zn 3.785E-17 70Zn 3.300E-28 69Ga 1.377E-19 71Ga 4.707E-23 70Ge 1.759E-19
72Ge 2.479E-22 73Ge 7.810E-24 74Ge 5.076E-28 75As 2.774E-25 74Se 7.332E-23
76Se 9.028E-25 77Se 2.229E-26 78Se 1.285E-28 79Br 2.669E-28
Mini = 220 M
p 4.824E+01 d 1.647E-14 3He 1.228E-04 4He 6.951E+01 6Li 1.308E-17
7Li 2.561E-08 9Be 3.268E-20 10B 2.567E-17 11B 3.203E-11 12C 3.567E+00
13C 3.812E-02 14N 1.775E+00 15N 1.054E-03 16O 4.442E+01 17O 2.291E-03
18O 2.530E-06 19F 1.380E-07 20Ne 3.658E+00 21Ne 5.993E-05 22Ne 4.040E-05
23Na 4.100E-03 24Mg 2.559E+00 25Mg 8.833E-04 26Mg 2.571E-03 27Al 1.110E-02
28Si 1.883E+01 29Si 1.752E-02 30Si 1.464E-03 31P 1.703E-03 32S 1.400E+01
33S 7.602E-03 34S 3.577E-04 36S 6.721E-10 35Cl 1.994E-04 37Cl 1.044E-03
36Ar 3.042E+00 38Ar 2.084E-04 40Ar 2.098E-11 39K 2.693E-04 40K 5.668E-11
41K 3.209E-04 40Ca 3.517E+00 42Ca 5.521E-06 43Ca 1.501E-08 44Ca 1.247E-03
46Ca 4.739E-16 48Ca 9.277E-24 45Sc 1.450E-05 46Ti 7.820E-06 47Ti 9.491E-07
48Ti 1.770E-02 49Ti 5.250E-04 50Ti 2.084E-11 50V 7.201E-12 51V 4.336E-04
50Cr 5.421E-04 52Cr 2.879E-01 53Cr 9.653E-12 54Cr 3.145E-10 55Mn 3.411E-02
54Fe 1.177E-01 56Fe 8.209E+00 57Fe 4.369E-02 58Fe 3.028E-09 59Co 2.060E-04
58Ni 3.438E-02 60Ni 3.827E-03 61Ni 1.226E-04 62Ni 6.552E-04 64Ni 1.760E-16
63Cu 2.351E-07 65Cu 2.627E-07 64Zn 1.994E-06 66Zn 3.068E-06 67Zn 2.177E-09
68Zn 4.783E-10 70Zn 4.401E-30 69Ga 1.766E-10 71Ga 1.134E-11 70Ge 4.397E-09
72Ge 5.261E-12 73Ge 1.028E-14 74Ge 1.154E-27 75As 3.055E-17 74Se 8.631E-16
76Se 2.555E-20 77Se 9.077E-24 78Se 2.119E-28 79Br 2.446E-28
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Table 12. PISN Yields of the non-magnetic rotating models
Element Yield Element Yield Element Yield Element Yield Element Yield
Mini = 240 M
p 5.189E+01 d 9.257E-15 3He 1.383E-04 4He 7.631E+01 6Li 6.256E-18
7Li 2.808E-08 9Be 9.316E-20 10B 3.439E-17 11B 2.337E-11 12C 2.807E+00
13C 2.443E-02 14N 2.325E+00 15N 9.473E-04 16O 4.224E+01 17O 3.694E-03
18O 3.779E-06 19F 1.685E-07 20Ne 3.099E+00 21Ne 6.437E-05 22Ne 4.536E-05
23Na 3.626E-03 24Mg 2.171E+00 25Mg 7.880E-04 26Mg 2.263E-03 27Al 9.318E-03
28Si 1.943E+01 29Si 1.448E-02 30Si 1.214E-03 31P 1.364E-03 32S 1.487E+01
33S 6.532E-03 34S 1.825E-04 36S 3.305E-10 35Cl 1.287E-04 37Cl 9.195E-04
36Ar 3.284E+00 38Ar 4.147E-05 40Ar 1.795E-11 39K 1.240E-04 40K 2.025E-11
41K 2.793E-04 40Ca 3.841E+00 42Ca 2.764E-06 43Ca 1.807E-06 44Ca 1.668E-03
46Ca 1.871E-16 48Ca 2.867E-24 45Sc 1.407E-05 46Ti 2.946E-06 47Ti 1.979E-06
48Ti 2.297E-02 49Ti 6.076E-04 50Ti 1.648E-11 50V 2.564E-12 51V 4.384E-04
50Cr 4.287E-04 52Cr 3.894E-01 53Cr 8.248E-12 54Cr 1.259E-10 55Mn 3.584E-02
54Fe 9.848E-02 56Fe 1.873E+01 57Fe 1.935E-01 58Fe 1.096E-09 59Co 3.258E-03
58Ni 1.925E-01 60Ni 9.929E-02 61Ni 3.318E-03 62Ni 1.852E-02 64Ni 4.354E-15
63Cu 7.045E-06 65Cu 1.285E-05 64Zn 1.135E-04 66Zn 1.771E-04 67Zn 1.295E-07
68Zn 4.797E-08 70Zn 4.509E-28 69Ga 1.847E-08 71Ga 1.297E-09 70Ge 4.754E-07
72Ge 8.080E-10 73Ge 2.024E-12 74Ge 8.870E-25 75As 6.893E-15 74Se 1.723E-13
76Se 6.158E-18 77Se 2.792E-21 78Se 5.666E-26 79Br 4.547E-28
Mini = 260 M
p 5.660E+01 d 2.333E-14 3He 1.627E-04 4He 8.202E+01 6Li 6.977E-18
7Li 3.632E-08 9Be 2.064E-21 10B 1.953E-18 11B 8.985E-11 12C 3.280E+00
13C 6.658E-02 14N 1.748E+00 15N 1.107E-03 16O 3.697E+01 17O 2.339E-03
18O 2.214E-06 19F 1.259E-07 20Ne 3.084E+00 21Ne 8.712E-05 22Ne 4.830E-05
23Na 3.151E-03 24Mg 2.024E+00 25Mg 6.878E-04 26Mg 2.000E-03 27Al 8.180E-03
28Si 1.852E+01 29Si 1.189E-02 30Si 1.078E-03 31P 1.200E-03 32S 1.438E+01
33S 5.403E-03 34S 1.317E-04 36S 2.211E-10 35Cl 1.239E-04 37Cl 7.631E-04
36Ar 3.209E+00 38Ar 2.934E-05 40Ar 1.919E-11 39K 1.389E-04 40K 1.172E-11
41K 2.279E-04 40Ca 3.781E+00 42Ca 9.976E-06 43Ca 9.927E-06 44Ca 2.642E-03
46Ca 1.001E-16 48Ca 1.678E-24 45Sc 1.272E-05 46Ti 1.735E-06 47Ti 6.730E-06
48Ti 2.650E-02 49Ti 6.250E-04 50Ti 1.331E-11 50V 1.911E-12 51V 4.147E-04
50Cr 3.463E-04 52Cr 4.339E-01 53Cr 7.063E-12 54Cr 7.689E-11 55Mn 3.474E-02
54Fe 8.254E-02 56Fe 3.440E+01 57Fe 5.139E-01 58Fe 6.556E-10 59Co 1.116E-02
58Ni 6.713E-01 60Ni 3.206E-01 61Ni 1.126E-02 62Ni 7.868E-02 64Ni 1.689E-14
63Cu 3.194E-05 65Cu 4.980E-05 64Zn 4.282E-04 66Zn 8.316E-04 67Zn 6.603E-07
68Zn 2.169E-07 70Zn 2.214E-26 69Ga 7.944E-08 71Ga 7.087E-09 70Ge 2.473E-06
72Ge 5.900E-09 73Ge 1.277E-11 74Ge 1.209E-23 75As 7.406E-14 74Se 1.123E-12
76Se 6.982E-17 77Se 6.447E-20 78Se 1.878E-24 79Br 8.941E-27
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Table 13. PISN Yields of the magnetic rotating models
Element Yield Element Yield Element Yield Element Yield Element Yield
Mini = 160 M
p 3.057E+01 d 1.059E-15 3He 9.180E-06 4He 5.225E+01 6Li 5.405E-18
7Li 5.770E-11 9Be 9.439E-21 10B 8.130E-17 11B 1.973E-10 12C 3.492E+00
13C 2.746E-06 14N 8.994E-05 15N 3.078E-05 16O 5.347E+01 17O 2.448E-06
18O 1.676E-06 19F 4.624E-07 20Ne 3.194E+00 21Ne 5.502E-05 22Ne 4.736E-05
23Na 5.352E-03 24Mg 2.984E+00 25Mg 1.733E-03 26Mg 3.968E-03 27Al 2.150E-02
28Si 8.162E+00 29Si 2.469E-02 30Si 5.936E-03 31P 5.966E-03 32S 4.832E+00
33S 8.123E-03 34S 1.560E-02 36S 2.613E-08 35Cl 1.376E-03 37Cl 1.047E-03
36Ar 9.733E-01 38Ar 1.621E-02 40Ar 2.531E-10 39K 2.576E-03 40K 6.976E-10
41K 3.210E-04 40Ca 1.086E+00 42Ca 4.664E-04 43Ca 1.444E-07 44Ca 3.055E-04
46Ca 1.562E-13 48Ca 2.128E-13 45Sc 1.164E-05 46Ti 2.192E-04 47Ti 8.454E-07
48Ti 7.739E-04 49Ti 6.634E-05 50Ti 3.433E-11 50V 4.863E-10 51V 6.389E-05
50Cr 7.736E-04 52Cr 7.521E-03 53Cr 3.114E-10 54Cr 1.359E-08 55Mn 3.685E-03
54Fe 6.736E-02 56Fe 1.694E-01 57Fe 1.903E-03 58Fe 1.268E-08 59Co 6.369E-06
58Ni 5.530E-03 60Ni 1.067E-05 61Ni 9.599E-10 62Ni 4.085E-10 64Ni 2.889E-17
63Cu 2.995E-12 65Cu 2.782E-15 64Zn 1.650E-11 66Zn 1.886E-15 67Zn 8.865E-19
68Zn 1.824E-18 70Zn 3.723E-30 69Ga 1.032E-21 71Ga 1.759E-25 70Ge 7.162E-21
72Ge 5.605E-25 73Ge 2.746E-27 74Ge 2.850E-31 75As 1.028E-28 74Se 1.733E-25
76Se 2.961E-28 77Se 4.407E-31 78Se 9.511E-33 79Br 1.667E-33
Mini = 180 M
p 3.458E+01 d 2.409E-14 3He 1.184E-05 4He 5.818E+01 6Li 2.852E-16
7Li 4.363E-10 9Be 1.381E-20 10B 3.175E-15 11B 7.270E-11 12C 2.843E+00
13C 6.469E-06 14N 9.446E-05 15N 4.727E-05 16O 5.286E+01 17O 9.024E-06
18O 9.768E-08 19F 2.683E-07 20Ne 2.881E+00 21Ne 5.368E-05 22Ne 3.568E-05
23Na 5.171E-03 24Mg 3.027E+00 25Mg 1.591E-03 26Mg 3.654E-03 27Al 1.753E-02
28Si 1.331E+01 29Si 2.518E-02 30Si 3.123E-03 31P 3.565E-03 32S 8.800E+00
33S 9.036E-03 34S 2.666E-03 36S 4.867E-09 35Cl 6.339E-04 37Cl 1.168E-03
36Ar 1.840E+00 38Ar 2.871E-03 40Ar 5.784E-11 39K 1.130E-03 40K 2.733E-10
41K 3.636E-04 40Ca 2.116E+00 42Ca 7.671E-05 43Ca 3.454E-08 44Ca 6.545E-04
46Ca 7.672E-14 48Ca 2.747E-13 45Sc 1.378E-05 46Ti 4.775E-05 47Ti 7.823E-07
48Ti 4.365E-03 49Ti 2.110E-04 50Ti 2.142E-11 50V 6.493E-11 51V 1.660E-04
50Cr 5.544E-04 52Cr 4.397E-02 53Cr 3.165E-11 54Cr 2.284E-09 55Mn 9.439E-03
54Fe 7.636E-02 56Fe 8.928E-01 57Fe 5.676E-03 58Fe 8.194E-09 59Co 8.699E-06
58Ni 7.403E-03 60Ni 7.228E-06 61Ni 9.738E-10 62Ni 4.488E-10 64Ni 3.414E-17
63Cu 4.248E-12 65Cu 4.883E-15 64Zn 1.732E-11 66Zn 1.745E-15 67Zn 1.445E-18
68Zn 4.527E-18 70Zn 4.690E-29 69Ga 5.614E-21 71Ga 1.537E-24 70Ge 1.769E-20
72Ge 5.463E-24 73Ge 5.588E-26 74Ge 2.870E-29 75As 4.719E-27 74Se 1.669E-24
76Se 2.139E-26 77Se 4.486E-29 78Se 4.292E-30 79Br 1.415E-30
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Table 14. PISN Yields of the magnetic rotating models
Element Yield Element Yield Element Yield Element Yield Element Yield
Mini = 200 M
p 3.873E+01 d 1.180E-14 3He 1.535E-05 4He 6.287E+01 6Li 1.052E-16
7Li 4.119E-10 9Be 2.017E-20 10B 1.277E-15 11B 5.876E-11 12C 2.224E+00
13C 3.656E-06 14N 7.803E-05 15N 3.813E-05 16O 4.947E+01 17O 4.218E-05
18O 7.732E-08 19F 1.520E-07 20Ne 2.555E+00 21Ne 3.465E-05 22Ne 3.390E-05
23Na 4.850E-03 24Mg 2.953E+00 25Mg 1.232E-03 26Mg 3.308E-03 27Al 1.501E-02
28Si 1.879E+01 29Si 2.408E-02 30Si 3.195E-03 31P 4.345E-03 32S 1.374E+01
33S 1.031E-02 34S 1.674E-03 36S 2.205E-08 35Cl 2.223E-03 37Cl 1.295E-03
36Ar 2.903E+00 38Ar 9.498E-04 40Ar 5.720E-10 39K 6.641E-04 40K 5.818E-10
41K 3.903E-04 40Ca 3.366E+00 42Ca 2.274E-05 43Ca 6.504E-08 44Ca 1.102E-03
46Ca 7.602E-14 48Ca 3.567E-13 45Sc 1.581E-05 46Ti 2.019E-05 47Ti 9.973E-07
48Ti 1.263E-02 49Ti 4.291E-04 50Ti 2.402E-11 50V 2.283E-11 51V 3.514E-04
50Cr 6.246E-04 52Cr 1.691E-01 53Cr 1.550E-11 54Cr 8.063E-10 55Mn 2.279E-02
54Fe 1.086E-01 56Fe 3.741E+00 57Fe 1.700E-02 58Fe 6.184E-09 59Co 1.300E-05
58Ni 1.265E-02 60Ni 5.979E-06 61Ni 1.169E-09 62Ni 9.188E-10 64Ni 4.210E-17
63Cu 1.061E-11 65Cu 8.912E-15 64Zn 2.363E-11 66Zn 2.572E-15 67Zn 5.174E-18
68Zn 1.762E-17 70Zn 7.033E-29 69Ga 5.566E-20 71Ga 1.822E-23 70Ge 9.975E-20
72Ge 5.452E-23 73Ge 1.983E-24 74Ge 3.847E-28 75As 1.044E-25 74Se 2.521E-23
76Se 3.415E-25 77Se 3.702E-27 78Se 5.667E-29 79Br 7.282E-29
Mini = 220 M
p 4.280E+01 d 1.446E-15 3He 1.968E-05 4He 6.854E+01 6Li 1.506E-16
7Li 3.611E-10 9Be 1.700E-20 10B 2.529E-15 11B 4.058E-11 12C 1.963E+00
13C 6.326E-06 14N 6.283E-05 15N 4.392E-05 16O 4.592E+01 17O 2.240E-05
18O 5.748E-08 19F 2.803E-07 20Ne 2.421E+00 21Ne 2.680E-05 22Ne 3.352E-05
23Na 4.569E-03 24Mg 2.890E+00 25Mg 1.096E-03 26Mg 3.088E-03 27Al 1.356E-02
28Si 2.155E+01 29Si 2.120E-02 30Si 2.585E-03 31P 3.526E-03 32S 1.631E+01
33S 9.684E-03 34S 1.014E-03 36S 2.226E-08 35Cl 3.809E-03 37Cl 1.301E-03
36Ar 3.522E+00 38Ar 5.041E-04 40Ar 5.185E-10 39K 9.319E-04 40K 1.034E-09
41K 3.717E-04 40Ca 4.092E+00 42Ca 1.133E-05 43Ca 1.254E-06 44Ca 1.427E-03
46Ca 5.612E-14 48Ca 2.856E-13 45Sc 1.635E-05 46Ti 1.097E-05 47Ti 1.154E-06
48Ti 2.053E-02 49Ti 6.028E-04 50Ti 2.533E-11 50V 1.116E-11 51V 5.107E-04
50Cr 6.590E-04 52Cr 3.394E-01 53Cr 1.431E-11 54Cr 4.440E-10 55Mn 4.117E-02
54Fe 1.464E-01 56Fe 1.112E+01 57Fe 7.372E-02 58Fe 3.972E-09 59Co 6.673E-04
58Ni 7.195E-02 60Ni 1.551E-02 61Ni 5.372E-04 62Ni 3.081E-03 64Ni 1.004E-15
63Cu 1.195E-06 65Cu 1.498E-06 64Zn 1.140E-05 66Zn 2.040E-05 67Zn 1.610E-08
68Zn 3.627E-09 70Zn 6.807E-29 69Ga 1.454E-09 71Ga 1.154E-10 70Ge 4.000E-08
72Ge 5.651E-11 73Ge 1.121E-13 74Ge 2.759E-26 75As 3.906E-16 74Se 1.086E-14
76Se 3.739E-19 77Se 1.337E-22 78Se 2.066E-27 79Br 1.580E-28
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Table 15. PISN Yields of the magnetic rotating models
Element Yield Element Yield Element Yield Element Yield Element Yield
Mini = 240 M
p 4.703E+01 d 2.492E-15 3He 2.558E-05 4He 7.455E+01 6Li 5.427E-18
7Li 4.150E-10 9Be 3.591E-22 10B 9.517E-19 11B 7.650E-11 12C 1.632E+00
13C 2.418E-06 14N 4.909E-05 15N 2.580E-05 16O 4.117E+01 17O 1.512E-05
18O 4.155E-08 19F 9.189E-08 20Ne 2.134E+00 21Ne 2.100E-05 22Ne 3.209E-05
23Na 3.932E-03 24Mg 2.626E+00 25Mg 9.028E-04 26Mg 2.632E-03 27Al 1.150E-02
28Si 2.236E+01 29Si 1.732E-02 30Si 2.195E-03 31P 2.833E-03 32S 1.738E+01
33S 8.159E-03 34S 6.179E-04 36S 8.053E-08 35Cl 3.889E-03 37Cl 1.179E-03
36Ar 3.893E+00 38Ar 2.324E-04 40Ar 2.800E-09 39K 3.683E-03 40K 2.011E-09
41K 3.306E-04 40Ca 4.489E+00 42Ca 2.054E-05 43Ca 2.514E-05 44Ca 1.981E-03
46Ca 4.986E-14 48Ca 2.114E-13 45Sc 1.614E-05 46Ti 4.082E-06 47Ti 2.563E-06
48Ti 2.652E-02 49Ti 6.961E-04 50Ti 2.011E-11 50V 3.745E-12 51V 5.125E-04
50Cr 5.233E-04 52Cr 4.495E-01 53Cr 1.182E-11 54Cr 1.779E-10 55Mn 4.310E-02
54Fe 1.236E-01 56Fe 2.340E+01 57Fe 2.567E-01 58Fe 1.552E-09 59Co 4.476E-03
58Ni 2.799E-01 60Ni 1.334E-01 61Ni 4.676E-03 62Ni 2.707E-02 64Ni 7.373E-15
63Cu 1.071E-05 65Cu 1.771E-05 64Zn 1.472E-04 66Zn 2.536E-04 67Zn 2.013E-07
68Zn 6.154E-08 70Zn 1.961E-27 69Ga 2.517E-08 71Ga 1.945E-09 70Ge 6.619E-07
72Ge 1.168E-09 73Ge 2.646E-12 74Ge 1.473E-24 75As 1.010E-14 74Se 2.502E-13
76Se 9.894E-18 77Se 4.589E-21 78Se 9.665E-26 79Br 6.905E-28
Mini = 260 M
p 5.127E+01 d 9.598E-15 3He 3.211E-05 4He 8.114E+01 6Li 1.763E-17
7Li 7.917E-11 9Be 4.455E-21 10B 1.540E-16 11B 1.113E-10 12C 1.591E+00
13C 4.710E-06 14N 5.020E-05 15N 3.321E-05 16O 3.585E+01 17O 7.702E-06
18O 4.163E-08 19F 2.090E-07 20Ne 2.247E+00 21Ne 2.422E-05 22Ne 3.913E-05
23Na 3.579E-03 24Mg 2.503E+00 25Mg 8.249E-04 26Mg 2.392E-03 27Al 1.058E-02
28Si 2.166E+01 29Si 1.509E-02 30Si 1.981E-03 31P 2.594E-03 32S 1.694E+01
33S 7.049E-03 34S 5.207E-04 36S 9.863E-08 35Cl 3.359E-03 37Cl 1.004E-03
36Ar 3.872E+00 38Ar 1.712E-04 40Ar 4.274E-09 39K 5.718E-03 40K 2.461E-09
41K 2.829E-04 40Ca 4.423E+00 42Ca 3.496E-05 43Ca 5.282E-05 44Ca 2.893E-03
46Ca 5.699E-14 48Ca 1.853E-13 45Sc 1.505E-05 46Ti 2.750E-06 47Ti 7.179E-06
48Ti 2.967E-02 49Ti 7.137E-04 50Ti 1.767E-11 50V 2.911E-12 51V 5.041E-04
50Cr 4.596E-04 52Cr 4.890E-01 53Cr 1.038E-11 54Cr 1.234E-10 55Mn 4.261E-02
54Fe 1.111E-01 56Fe 3.822E+01 57Fe 5.704E-01 58Fe 1.091E-09 59Co 1.227E-02
58Ni 8.218E-01 60Ni 3.343E-01 61Ni 1.236E-02 62Ni 8.992E-02 64Ni 2.393E-14
63Cu 3.818E-05 65Cu 5.201E-05 64Zn 4.053E-04 66Zn 9.084E-04 67Zn 7.833E-07
68Zn 2.035E-07 70Zn 1.696E-26 69Ga 7.770E-08 71Ga 7.882E-09 70Ge 2.561E-06
72Ge 6.271E-09 73Ge 1.199E-11 74Ge 1.441E-23 75As 7.867E-14 74Se 1.178E-12
76Se 8.098E-17 77Se 7.285E-20 78Se 2.112E-24 79Br 1.142E-26
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Figure 18. The same as Fig.15 but for MP stars of #7–12.
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Figure 19. The same as Fig.15 but for MP stars of #13–18.
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Figure 20. The same as Fig.15 but for MP stars of #19–24.
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Figure 21. The same as Fig.15 but for MP stars of #25–30.
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Figure 22. The same as Fig.15 but for MP stars of #31–36.
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Figure 23. The same as Fig.15 but for MP stars of #37–42.
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Figure 24. The same as Fig.15 but for MP stars of #43–48.
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Figure 25. The same as Fig.15 but for MP stars of #49–54.
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Figure 26. The same as Fig.15 but for MP stars of #55–60.
AASTEX Stellar Yields of Rotating First Stars. II. 49
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
 0  5  10  15  20  25  30  35
C O Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn Ge
N F Na Al P Cl K Sc V Mn Co Cu Ga
non-rotating
SMSSJ0617-6007
[X
/M
g]
proton number
m180
m200
m220
m240
m260
m280
Obs.
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
 0  5  10  15  20  25  30  35
C O Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn Ge
N F Na Al P Cl K Sc V Mn Co Cu Ga
non-rotating
SMSSJ0702-6004
[X
/M
g]
proton number
m180
m200
m220
m240
m260
m280
Obs.
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
 0  5  10  15  20  25  30  35
C O Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn Ge
N F Na Al P Cl K Sc V Mn Co Cu Ga
non-rotating
SMSSJ1358-1509
[X
/M
g]
proton number
m180
m200
m220
m240
m260
m280
Obs.
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
 0  5  10  15  20  25  30  35
C O Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn Ge
N F Na Al P Cl K Sc V Mn Co Cu Ga
non-rotating
SMSSJ1511-1821
[X
/M
g]
proton number
m180
m200
m220
m240
m260
m280
Obs.
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
 0  5  10  15  20  25  30  35
C O Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn Ge
N F Na Al P Cl K Sc V Mn Co Cu Ga
non-rotating
SMSSJ1750-4146
[X
/M
g]
proton number
m180
m200
m220
m240
m260
m280
Obs.
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
 0  5  10  15  20  25  30  35
C O Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn Ge
N F Na Al P Cl K Sc V Mn Co Cu Ga
non-rotating
SMSSJ1757-4548
[X
/M
g]
proton number
m180
m200
m220
m240
m260
m280
Obs.
Figure 27. The same as Fig.15 but for MP stars of #61–66.
50 Takahashi et al.
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
 0  5  10  15  20  25  30  35
C O Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn Ge
N F Na Al P Cl K Sc V Mn Co Cu Ga
non-rotating
SMSSJ1832-3434
[X
/M
g]
proton number
m180
m200
m220
m240
m260
m280
Obs.
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
 0  5  10  15  20  25  30  35
C O Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn Ge
N F Na Al P Cl K Sc V Mn Co Cu Ga
non-rotating
SMSSJ1905-2149
[X
/M
g]
proton number
m180
m200
m220
m240
m260
m280
Obs.
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
 0  5  10  15  20  25  30  35
C O Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn Ge
N F Na Al P Cl K Sc V Mn Co Cu Ga
non-rotating
SMSSJ1944-7205
[X
/M
g]
proton number
m180
m200
m220
m240
m260
m280
Obs.
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
 0  5  10  15  20  25  30  35
C O Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn Ge
N F Na Al P Cl K Sc V Mn Co Cu Ga
non-rotating
SMSSJ2002-5331
[X
/M
g]
proton number
m180
m200
m220
m240
m260
m280
Obs.
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
 0  5  10  15  20  25  30  35
C O Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn Ge
N F Na Al P Cl K Sc V Mn Co Cu Ga
non-rotating
SMSSJ2158-6513
[X
/M
g]
proton number
m180
m200
m220
m240
m260
m280
Obs.
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
 0  5  10  15  20  25  30  35
C O Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn Ge
N F Na Al P Cl K Sc V Mn Co Cu Ga
non-rotating
SDSSJ0018-0939
[X
/M
g]
proton number
m180
m200
m220
m240
m260
m280
Obs.
Figure 28. The same as Fig.15 but for MP stars of #67–72.
